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Preface

For many centuries the exploration of the world by courageous discoverers profoundly influenced the
development of civilization. The discovery of new lands and new societies brought pivotal changesto
our world. Whether it was the discoveries of Polynesian adventurers crossing the Pacific Ocean or
European explorersin the New World, the desireto explore and understand the unknown isafundamental
trait of the human race. In many respects the scientists of the 20" century were the modern equivalent
of these explorers. Venturing into the microscopic world of the atom and the vast reaches of the
universe, they made discoveries that had as profound an impact on the development of civilization as
those of the early explorers of our planet.

Entering the 21 century, we stand on the threshold of dramatic astronomical explorations. Theuniverse
has been a source of interest, inspiration, and wonderment since the earliest times. Today, newspapers
and magazinesarefilled with exciting new discoveries of astronomy because they appeal to something
fundamental in human nature. People are eager to know about the universe in which we live, how it
began and how it evolved to its present state; and to understand our place init. We want to know:

*  Why isthe space of the universe filled with galaxies?

*  Why are galaxiesfilled with stars?

*  Why are stars surrounded by planets?

* Istheexistence of life an extremely rare event or common in the universe?

We are beginning to answer some of these questions with existing telescopes on the ground and in
gpace. The next generation of astronomical instruments will dramatically improve our ability to find
answers to these questions that have intrigued human beings for thousands of years.

Scientists at the University of California and the California Institute of Technology propose to
design, build, and operate a 30-meter telescope that will be an extraordinarily powerful tool for
exploringtheuniverse. It will seefarther into spaceand farther back in timethan any instruments
currently in use. It will giveusunprecedented accessto exquisite details of physical processeson
both small and large scales and over most of the age of the univer se.

*  We expect to see galaxies at their birth, when the first stars formed in the universe and started the
processes which resulted in the world on which we live.

*  We expect to further understand the evolution of galaxies from birth to the present.

*  We expect to have detailed views of stars and solar systemsin the process of formation.

*  Weexpect to observedirectly planetsin orbits around other stars, planetsthat may be the abodes of
life.

All thisand much more will be possible because of the enormous light-gathering power and extremely
high spatial resolution of a 30-meter telescope. The same scientists who conceived of and very
successfully led the creation of thetwo largest tel escopesin the world at the Keck Observatory are now
prepared and eager to lead thisexciting new venture. Weare confident it will succeed, and the discoveries
that flow from this magnificent new instrument will advance our understanding of the universe to a
profound new level.






Executive Summary

Following great successin the creation of the Keck Observatory, scientists at the Californialnstitute of
Technology and the University of Californiahave begun to explorethe scientific and technical prospects
for amuch larger telescope. The Keck telescopes will remain the largest telescopesin the world for a
number of years, with many decades of forefront research ahead after that. Though these telescopes
have produced dramatic discoveries, it is already clear that even larger telescopes must be built if we
are to address some of the most profound questions about our universe. The time required to build a
larger telescopeis approximately ten years, and the Californiacommunity is presently well-positioned
to begin its design and construction. The same scientists who concelved, led the design, and guided
the construction of the Keck Observatory have been intensely engaged in a study of the prospects for
an extremely largetelescope. Building on our experience with the Keck Observatory, we have concluded
that the large telescopeisfeasible and iswithin the bounds set by present-day technology. Our reference
telescope has adiameter of 30 meters, the largest size we believe can be built with acceptablerisk. The
project is currently designated the California Extremely Large Telescope (CELT).

CELT will have nine times the collecting area of a Keck telescope. This tremendous gain in light
gathering ability will allow imaging and spectroscopy of the faintest and most distant known objectsin
the universe and will provide apowerful complement to any future space-based telescopes. Because of
the travel time of light, a large telescope is a time machine that allows travel into the distant past by
observing objects at great distances. The 30-meter telescope will allow scientiststo study in detail for
the first time the erawhen the matter of the universefirst began to collect into the organized structures
of stars and galaxies. Many of the characteristics of the world we see around us today, including the
conditionsfor the existence of life, result directly from the processesthat took placeinthe early universe.
The 30-meter telescope will provide the crucial measurements needed for understanding thisera. CELT
will also allow the direct detections of planets orbiting other stars, observationsthat are crucial for our
understanding of the formation of planetary systems that may well be the locations of extraterrestrial
life. Many other important and exciting scientific questions can be addressed only by using atelescope
of this size. The 30-meter telescope will unquestionably have a profound impact on our
under standing of the universe and our placein it.

A major design goal of the project will beto make cost-saving improvements beyond those incorporated
in the Keck telescopes. Based on our experience with Keck, a segmented primary mirror is
unquestionably the best choice for atelescope of thissize. Wewill study alternative segment polishing
and segment support techniques with the aim of greatly reducing the cost of the optics. We will also
investigate alternative structural designs, with the aim of reduced cost and improved optics-support
performance. Adaptive optics aided by laser beacons will be used to remove the blurring effects of
atmospheric turbulence. Adaptive optics will provide a remarkable increase in angular resolution,
orders-of-magnitude increase in point source sensitivity, and the ability to detect and spatially resolve
even the most distant galaxies. Some of the adaptive optics technology required for the 30-meter
telescope is not currently available. However, its rapid development, aided in part by the new NSF
Center for Adaptive Optics at UC Santa Cruz, is presently underway. Scientific instruments, such as
cameras and spectrometers, are needed to analyze thelight collected by thetelescope. Theseinstruments,
while challenging to build, are feasible and central to the scientific exploitation of the telescope. In
addition, we expect that close collaboration with industry will produce a high performance and cost-
effective dome design. The site for the 30-meter telescope has not yet been selected. Candidate sites



will be researched in the near future, and will include MaunaKeain Hawaii and severa sitesin Chile.

If the telescope is located outside the United States, we expect that scientists in the host country will
have some access to the facility.

During the past year we have carried out a conceptual design program for CELT. Several engineering
design studies have created asolid basisfor many of the assumptionsin thisproposal. We have studied
and created conceptual designs for the telescope structure, telescope bearings and drives, stressing
fixtures for segment polishing, interferometric testing of segment surfaces, and sensors and actuators
for segment active control. Some of these studies have advanced well beyond the concept stage: We
are now building prototype sensors, actuators, and a stressing fixture. We have detailed cost estimates
for the fabrication and assembly of some key components.

Progressto datein thestudy of CELT hasbeen extremely encouraging and clearly indicatesthat
itssuccessful completion isentirely feasible. Thereareno outstandingtechnical issuesthat would
prevent thissingular scientific opportunity from becoming a reality.
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1.1 Introduction

Major advances in science have invariably followed major advances in the instruments that are used
for scientific research. Thisis abundantly clear in the history of astronomy. Astronomy is a science
driven by observations, and since the time of Galileo the growth of our knowledge of the nature and
contents of the Universe has closely followed the development of larger and larger telescopes. The
light-gathering power of optical telescopesincreased steadily since Galileo's, up to that of the famous
5-meter Hale Telescope at Palomar Mountain (completed in 1948). However, for nearly fifty years
following the completion of this telescope, no larger ones were constructed. The technology to make
thelarge, high-quality mirrorsreached itslimiting size with the 5-meter. A new mirror technology was
needed to take the next step. As aresult of the creative ingenuity of scientists at the University of
Cdliforniaand the California I nstitute of Technology, this hiatus in tel escope technology advancement
was finally ended with the construction of the twin Keck 10-meter telescopes. Using a dramatically
different approach to large mirror fabrication, each 10-meter primary is made up of 36 smaller mirrors
placed with very high precision into amosaic that actsasasingle large mirror. The great success of the
Keck telescopes with their ssgmented primary mirrors demonstrates the outstanding capability of this
new technology. It makes possiblethe next major step: the creation of avastly more powerful telescope
that will allow unprecedented views of the Universe.

1.2 TheCritical Advantages of a 30-Meter Telescope: Light Gathering and
Angular Resolution.
1.2.1 Light Gathering

Astronomy is an observational science, and the science that atelescopeis capable of isdirectly related
to the amount of light it collects. Asthe amount of light collected goes up, the amount of information
that can be extracted from that light goes up as well. Much of the most important data obtained in
astronomy isintheform of spectra; spreading thelight into aspectrum considerably dilutestheintensity
of light on the detector, making the amount of collected light even more important.

The promise of obtaining spectrafrom very faint objectsisone of the principa motivationsfor building
larger telescopes. For example, after the Hubble Space Telescope (HST) revealed the presence of
many small, extremely faint objects in essentially any patch of sky, only the Keck telescopes could
collect enough light so that spectra of these objects could be obtained. The spectra showed that many
of these faint objects were exceedingly distant galaxies, so distant that the light collected had been
traveling for aslong as 10 billion years. Large telescopes act as time machines. As we look to great
distances we are seeing into the distant past.

For the “Keck Planet Search,” nearby stars are being surveyed for planetary systems. Although each
star is bright enough to be observed with smaller telescopes, the tremendous light gathering power of
the Kecks allows spectra to be obtained in which the light is highly dispersed in wavelength. This
permits the measurement of extremely accurate velocities for the stars, and consequently, the tiny
velocity variations that reveal the presence of planets. Although smaller telescopes have discovered
some of the planets, using them isavery time consuming process. Progressin finding new planets has
been tremendously accelerated using the Keck telescopes.

Itisthrough the analysis of spectrathat motionsand chemical compositions of objects can be measured,
the masses of galaxies can be determined, the presence of planets can be inferred, and a host of other
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investigations can be made. Through its large increase in collecting area, a 30-meter telescope will
enabl e the spectroscopic study of objectsthat are completely beyond the reach of any present telescope.
Obtaining spectrafor many of these objects, which can barely be detected on direct imageswith existing
telescopes, is central to increasing our understanding of the Universe.

1.2.2 Angular Resolution and Adaptive Optics

At ground-based sites, turbulence in the earth’s atmosphere blurs the light from astronomical sources.
For the best sites this blurring is about 0.5 seconds of arc, regardless of telescope size. The Hubble
Space Telescope, orbiting above the atmosphere, is able to make images with an angular resolution of
0.1 seconds of arc, afactor of 5 improvement. Thisincrease in resolution alone has led to spectacular
improvements in our understanding of a broad range of phenomenain the Universe. In the future, the
highest angular resolutions will be achieved using very large ground-based telescopes and correcting
for atmospheric blurring using the technology of adaptive optics.

For any telescope mirror there is a fundamental physical limit to the sharpness of the images it can
produce. That limit is determined by the diameter (D) of the telescope and the wavelength (A) of the
light used. The angular image size is proportional to A/D; so in principle, larger mirrors can produce
smaller, sharper images. However, for ground-based tel escopes the atmospheric turbulence blurs the
images and prevents this limit from being reached. Fortunately, in recent years the new technology of
adaptive optics has been developed. This powerful but complex technique provides a means of real-
time correction of atmospheric blurring, allowing an angular resolution superior to that of HST to be
obtained with the Keck 10-meter telescopes. Using adaptive optics, the limiting resol ution of the Keck
telescopes is four times better than that of HST, and a 30-meter telescope will improve on HST by a
factor of 12.5. Thisincreasein resolution, agreater improvement over HST than HST was over existing
ground-based telescopes, is crucial for many forefront areas of investigation in astronomy and
astrophysics.

The University of Californiaat Santa Cruz was chosen in 1999 asthe site for a$40M National Science
Foundation Science and Technology Center for Adaptive Optics with Jerry Nelson (Project Scientist
for CELT) asDirector. Therewill be atremendous synergy between the work of the Center and CELT.

1.3 CELT Complements Future Space-Based Telescopes.

Withinthe next 15 years NASA will likely launch the successor to the HST. The design currently under
consideration hasaprimary mirror with adiameter of 6.0 meters. Because the atmosphere of the Earth
absorbs light at certain wavelengths and also emits radiation strongly at other (infrared) wavelengths,
there will always be strong motivation to have powerful telescopes above the atmosphere in space.
However, even when a new telescope is in space, the motivation for larger ground-based telescope
remains strong.

Due to the prohibitive costs of building, launching, and maintaining very large telescopes in space,
ground-based telescopes will have significantly greater light-collecting capability than any space
telescope, at least for the foreseeable future. This capability will enable the critical spectroscopic
observations of very faint sources, a spectroscopy impossible with space telescopes. In addition, by
using adaptive optics, the larger ground-based tel escopeswill yield significantly higher spatial resolution
than will those in space.
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1.4 TheObservatory asa Center for Education.

A very important goal for the CELT Observatory will be to serve as a center for education at many
levels. The CELT California headquarters and possibly a CELT Astrophysics Institute will host many
educational functions for graduate and undergraduate students in astronomy, high school and grade
school studentswith interestsin science and technol ogy, and the general public from all over theworld.
Thesefunctionswill taketheform of an extensive Web site, exhibits, lectures, workshops, and astronomy
research resources. These activities will take place at observatory facilities, with the full support of
Caltech and the University of California, whose dominant mission is education.

1.5 Overview of Document

This document in its entirety is both a description of the concepts developed in the CELT Conceptual
Design Phase and a proposal for the Preliminary and Final Design Phases. It aso includes our initial
thoughts about the management and budget of the project as awhole.

Chapter 2 describesthe scientific motivation for CELT. The projects described reflect the great breadth
of science, ranging from solar system studies to investigation of the highest redshift universe, that
CELT will be ableto address.

Chapters 3 and 4 describe the telescope performance specifications and a conceptual optical design
that will meet them. We have selected athree-mirror Ritchey-Chrétien optical design to provide multiple
f/15foci at two Nasmyth platforms. To save cost and reduce complexity we will not provide prime or
Cassegrain foci.

Chapters5 and 6 describe the primary, secondary, and tertiary mirrors. The design, fabrication, and
assembly of the primary mosaic will be based on the successful experience with the Keck Observatory
primary mirrors. Some modifications of the technology developed there will be made to reduce
fabrication and maintenance costs.

Chapter 7 describes the telescope structure that supports the optics and points the optical axis of the
system. For high structural stiffness to resist gravity and wind loads the mirror cell will be supported
from below on two journals and the secondary mirror will be supported by a two-layered tensioned
truss.

Chapter 8 describes the alignment of the other optical elements within the structure. Following the
Keck experience we will build an alignment camerato provide the measurementsto align the segments
and optics, as well as to measure the surface shape of individual segments.

Chapter 9 givesthe goalsand conceptual designsfor adaptive optics systemsthat will alow the optics
toreach their intrinsic (diffraction-limited) angular resolution. Two distinct adaptive opticsinstruments
are envisioned to conduct the majority of the science programs. These instruments are the low-order
adaptive optics (LOAO) to perform optimized low-background science at mid-1R wavelengths (3-30
pm), and multi-conjugate adaptive optics (MCAO), which is optimized for near-infrared wavelength
(1-2.5 um) science. Specialized modes of AO operation, which may require dedicated i nstrumentation,
can expand the available science beyond these two baseline AO capabilities. All these systems are
discussed in Chapter 9.
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Chapter 10 describes representative instrumentation that will use both seeing-limited and adaptive-
optics-corrected imagesto address science goals. The proposed suite of instrumentsincludes: low- and
high-resolution optical spectrographs, a medium-resolution fiber-fed spectrograph, an AO camera, an
AO deployable integral field spectrograph, and an extreme AO coronograph. These instruments and
thelir scientific capabilities are described.

Chapter 11 givesinitial telescope optical error budgets for the image quality with adaptive optics off
and on. Thesewill be used to determine the engineering tolerances for fabrication and assembly. They
providethe quantitative basisfor making cost, schedule, and performancetradesin the design, fabrication,
and assembly phases.

Chapter 12 describes the telescope enclosure and observatory support facilities.

Chapter 13 describes desired site characteristics, the method of site selection, and some candidate
sites. We describe the measurements of weather and atmaospheric propertiesrequired to make aninformed
Site selection.

Chapter 14 givessomeinitial considerationsfor creating the extensive software and related hardware

required for several aspects of the operating observatory. A well-defined global architecture and approach
will be created from the beginning of the project.
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2.1 Introduction

CELT will combine a nine-fold increase in collecting area over existing optical/IR telescopes with a
five-fold improvement in spatial resolution (for the near-1R) over the proposed Next Generation Space
Telescope (NGST). CELT will provide exciting “breakthrough” possibilities in most areas of
observational astronomy from Solar System exploration (with some capabilities exceeding those of
space probes), to beyond the edge of the currently-mapped universe. Thischapter beginswith discussions
of relevant properties of sky brightness as afunction of wavelength, and comparisons with current and
proposed front-line facilities. The science opportunities for CELT are then discussed in detail for a
subset of the areas listed below. Because of the 10-year time period between when these words are
being written and the first-light of CELT, and because CELT will open unexplored parameter space, it
islikely that the most exciting discoveries of CELT will be in areas we cannot anticipate at this time.
Nevertheless, there are anumber of forefront areas of astronomy that are currently sensitivity- or spatial-
resolution-limited, for which CELT will be required for further progress. We list some of the areas
wherewe anticipate CELT will play amajor role. Those marked with an asterisk are discussed in more
detail inthischapter. The science opportunitiesfor CELT will be explored in considerably more detall
in the next phase of the project, with detailed simulations allowing important feedback to the telescope
and instrument designs.

Anticipated major CELT science areas.

» Solar System explorations*

» extrasolar planet searches and studies (including direct detection of hot Jupiters)*

» dtar formations*

» stellar seismology: high precision structure determination for thefull range of stellar spectral types

* high precision astrometry for faint sources; detailed in-situ 3-dimensional kinematics throughout
the Galaxy and Local Group

» chemical evolution and star formation histories of galaxies to 30Mpc*

* resolving the mysteries of the Galactic center

» active gaactic nuclel and black hole demography*

» supernovae beyond z = 1: cosmological tools and probes of the star formation history

» thedistribution of mass in the universe: intergalactic medium and weak lensing studies to large
redshift*

* gammaray bursts throughout the visible universe

» theeraof galaxy evolution: high spatial, moderate spectral resolution studies of faint galaxies at
z=1-5*

» theend of the Dark Ages: near-IR investigations of the initial star and galaxy formation events at
z=5-15

Much of the science outlined in the following sections assumes that technology development and
implementation techniques for adaptive optics will proceed rapidly during the next decade, with the
CELT project among the leaders in advancing the field. Although the full scientific power of the
observatory will not be deployed until adaptive optics systems are working at the level detailed in
Chapter 9 of this document, we emphasize that seeing-limited (i.e., non-AO) observational capabilities
in both the optical and near-IR will be advanced significantly by the 30-m aperture and state-of-the-art
seeing-limited instruments (Chapter 10) anticipated for CELT. As a result, about half of the science
projects described in this chapter could proceed uninhibited by a dlip in either schedule or scope of
providing AO systems by first light. We cite as an example that the Keck 10-m tel escopes operated
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without an AO system for the first seven years of normal operations, and most of its major scientific
accomplishments to date have been based on seeing-limited observations. The advance in seeing-
limited capability of CELT over Keck exceeds that of the advance of Keck over previous generation
telescopes.

We believe that CELT will deliver AO systems performing to required specifications at first-light or
soon thereafter; however, we emphasize that perceived and real technology risksin this area need not
be seen as compromising the viability of the CELT observatory to significantly advance forefront
science from the outset. Generally, the expectation is that adaptive optics capabilitieswill continue to
improve during the lifetime of the CELT observatory and ultimately will exceed those assumed for the
present science case.

2.2 Thirty-Meter Telescope Project Background

With increased light-gathering power and finer diffraction-limited images, optical/IR telescopes with
larger mirrors will always benefit observational astronomy. Recent experiences with the Keck 10-m
telescopes have shown how new facilities with larger apertures allow for “quantum leaps’ in both the
range and the quality of the resulting discoveries. The Keck light-gathering abilities allowed the
discovery and study of populations of galaxies at z = 3 and beyond, made possible the discovery of the
nature of gammaray bursts, led to the discovery of the majority of the known extrasolar planets, was
crucial for establishing the evidence of an accelerating universe, and revol utionized our understanding
of the star formation history of the universe, to mention only afew of the dramatic K eck breakthroughs.

A pattern of breakthroughs can be discerned at other times throughout the 20" century, where each new
generation of larger-primary-mirror telescopes has led to significant new astronomical discoveries.
We cite two examples. Inthe 1920'sthe 2.5-m telescope at Mt. Wilson allowed the first measurement
of the expansion of the universe. Withinfiveyearsof the Palomar 5-mfirst light (inthelate 1950’s) our
understanding of stellar populations in the Galaxy and other Local Group galaxies was advanced
enormousdly, quasars were discovered, and the extragalactic distance scale was established to within
50% of the presently accepted numbers. In the past, the rationale for making advances in telescope
aperture was amost exclusively driven by the larger collecting area; because delivered image size was
set primarily by atmospheric turbulence, the smaller diffraction limit of larger primaries was generally
not used to any scientific advantage. Increased angular resolution, as opposed to light-gathering power,
is the primary reason that the Hubble Space Telescope (HST) has had such a profound impact on our
understanding of the universe, despite its modest 2.5-m aperture. The HST spatial resolution of ~0.1
arcsec offered a ~5-fold improvement over previous ground-based facilities. With CELT, taking
advantage of the recent and continuing revolution in adaptive optics, wewill be able to make substantial
improvements in both light-gathering capability and high spatial resolution simultaneously. In broad
terms, theincrease in capabilities from the Keck 10-m to the CELT 30-m will be similar to the angular
resolution gain from ground-based facilities to HST in the mid-1990's, coupled with an historically
unprecedented gain in light-gathering power, afactor of nine increase from Keck to CELT (compared
to the factor of four from the Palomar 5-m to the Keck 10-m telescopes).

While the Keck Observatory continues to produce exciting new results, and will continue to do so for
yearsto come, ahost of important problemsin astrophysicsarealready clearly beyond Keck’s capahilities,
whether because of inadequate spatial resolution, sensitivity, or both. Because the development of
world-class astronomical facilitiesis along lead-time activity, now is the time to think about the next

step.
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Weenvision CELT asan observatory with very broad capabilities operating over the wavelength range
0.3-30 um, poised to address the most compelling science of itsera. CELT will operate both with and
without adaptive optics (AO). Unlike many past facilities, CELT is being designed with diffraction-
limited performance asadriving force during atime in which full adaptive optics (AO) capabilitiesare
being delivered on current 8-m-class telescopes.

HST resolution

Hubble Deep Field

30m + adaptive optics resolution

Figure2-1. A smulation of imaging at the diffraction-limited CELT resolution versusthe Hubble Space Telescope.

2.3 Technical Background for Science Motivation

In the sections describing the scientific investigations to be undertaken with CELT we will refer to
various capabilities, often in comparison to existing or planned facilities. We have collected the
information adopted for signal-to-noiseratio (S/N) calculationsin this section. Although the CELT site
has not yet been chosen, we will use the Mauna K ea sky as our fiducial for the background material on
sky brightness and transmission. The principal variable between the sites under consideration is the
typical amount of water vapor above the site.

2.3.1 Image Quality

A very significant advance in astronomical instrumentation is the realization of adaptive optics (AO)
for near-real-time correction of wavefront distortions as light passes through the Earth’s atmosphere.
As has been demonstrated with the Keck 10-m telescopes, it is possible to achieve diffraction-limited
imagesfor wavelengthslonger than ~ 0.9 um over fields 20-40 arcsec in diameter. Thisadvance brings
the arenaof high spatial resolution imaging back to ground-based facilities, asit will likely be the case
for the next century that the largest telescopes will be built on the ground. If adaptive optics can
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someday be extended to visual wavelengths, the space advantage for optical astronomy will all but
disappear.

In the discussionsthat follow wewill work in the context of two observing modesfor the 30-m telescope.
Seeing-limited observations will assume 0.5 arcsec FWHM images for point sources. Thisistypical
in the visible for agood site and conservative for the near IR where image quality can be improved by
as much as a factor of two compared to 500 nm. Diffraction-limited observations will assume the
diffraction limit for a 30-m primary mirror. Each mode of observation is discussed in more detall
below.

10 f T T T 1T I T T T T T 774

Mauna K ea seeing

FWHM (arcsec)

01 f NGST (6m) E

005

10m+AO
001

0005 30m+AO

Wavelength (microns)

Figure 2-2. Thediffraction limit as a function of wavelength for 10-m and 30-m telescopes, along with that of
NGST and SIRTF. Seeing limited image size for Mauna Kea is shown as an example of image sizes at ground
based telescopes. Thiscurveappliesequally to al largetel escopes aslong asthe seeing size exceedsthediffraction
limit of that telescope.

For reference in the following section, Figure 2-2 shows the FWHM of images for the Space Infrared
Telescope Facility (SIRTF, a space-based 0.85-m infrared-optimized telescope), the currently-planned
NGST (6 m, | < 0.6 um), and diffraction-limited 10-m and 30-m telescopes. Also shown is typical
ground-based seeing at Mauna K ea scaled by |*2assuming 0.5 arcsec images at 0.4 um. Notethat with
currently-available AO systemsit isnot possibleto correct the atmospherefor a10-m (or 30-m) telescope
to the diffraction limit with high Strehl for wavelengths shortward of 0.9 um with large values of the
Strehl ratio. Itisour goal for CELT to extend useful correction (Strehl > 0.1) down to 0.5 microns (see
Figure 3-1).
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2.3.2 Atmospheric Transmission

Theatmosphereisessentially opague shortward of 0.3 um and transparent up through thefirst significant
water absorption band at 0.9 um. In the near-IR, the commonly used bands (J, H, K) are set by the
transmission of the atmosphere and are somewhat water vapor dependent. Inthe”thermal-IR,” between
2.5 and 25 pm, the available ground-based observational bands become increasingly more dependent
on water vapor content of the atmosphere. Approximately half of the wavelengths between 0.9 and 25
pm are essentially inaccessible from the ground. The following three figures (2-3, 2-4, and 2-5) show
the near-IR and mid-IR atmospheric transmission for different values of opacity, usually expressed in
terms of the effective column of precipitable water above the telescope site. A very good site for the
thermal IR hasamedian opacity of ~ 1 mm (e.g., MaunaKea, Chajnantor). The numbersare extremely
well correlated with altitude, with the highest sites (> 4000 m) being much drier.
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Figure 2-3. Atmospheric transmission in the near-IR for two water vapor levels.
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Figure 2-4. Atmospheric transmission in the thermal-IR for two water vapor levels.
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Figure 2-5. Atmospheric transmission in the 7-30 um range for water vapor levelsranging from 1 mmto 5
mm; 5 mm istypical for sites at altitudes lower than 4000 m.
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2.3.3 “Sky” Brightness

The table below gives the background sky brightness (from all sources not local to the telescope and
enclosure) through commonly used broadband filters. These numbers are measured at the Canada
France Hawaii Telescope on Mauna Kea and will be assumed for the rest of this chapter. Tabulated
numbers are for new moon and the zenith. From ~ 0.7 um through ~ 2 um the night sky emission is
dominated by OH molecular emission. At longer wavelengths water vapor and thermal continuum are
the dominant source of photons. The telescope design becomes very important for background levels

beyond 5 pum.

Table 2-1. Broadband sky brightness for Mauna Kea

Band Central A Brightness Flux
(Mm) (mag arcsec?) (AB mag arcsec?) (MJy arcsec?)  (photon cm?s'pumarcsec?)

U 0.36 21.6 22.5 33 1.74 x 102

B 0.44 22.3 22.2 4.8 1.76 x 102

\'% 0.55 21.1 21.1 13.2 3.62x 1072

R 0.64 20.3 20.6 20.9 5.50x 102

I 0.79 19.2 19.7 479 1.02 x 10!

J 1.23 14.8 15.6 2089.3 2.49

H 1.66 13.4 14.7 4786.3 4.20

K 2.22 13.5 15.4 2511.9 1.74

For spectral observations we will use the emission models shown in the following figures, each
based on measurements at Mauna Kea.

Figure 2-6. The emission from the atmospherein the near-IR. Note that the level of the continuum emissionis
much lower than the average when all of the narrow OH emission features are included. Most spectroscopic
observationswill assumethat the spectral resolution is high enough that only ~ 5% of the spectrumis contaminated
by strong OH lines (R = 4000). The broadband sky brightnessinthe J, H, and K bands are reduced by approximately
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Figure2-7. Theemission from the atmosphereinthelR. Theintensity axisis plotted linearly to emphasize the
tremendous increase in atmospheric emission longward of 4 pm.

As we discuss below, achieving good spectroscopic sensitivity in the near-IR depends on having high
enough spectral resolution that the effective sky background isthat of the near-IR continuum, between
the narrow OH features.

24 General Performance Capabilities of a 30-Meter Telescope

For the following discussion we will use this definition of signal-to-noise ratio (S/N).
SIN =St/[St+(skyxAt) +DAt+RNA]¥2 (2-1)

where “S’ is the detected photon rate from the source, “ Sky” is the detected photon rate per detector
pixel from all foreground and background sources coincident on the sky with the source, “D” is the
dark current rate per pixel of the detector; “RN” isthe readout noise per pixel of the detector; “t” isthe
exposuretime; and “A” isthe number of pixelsin the aperture in which the detectionismeasured. The
expression above assumes that the estimate of the local sky does not contribute significantly to the
variance (i.e., the background is estimated over a significantly larger areathan the object of interest).

2.4.1 Thirty-Meter versus Ten-Meter Telescope

CELT will be dramatically faster and more capable than the best ground-based optical/IR telescopes.
The comparison between a 30-m and 10-m with similar detectors and at the same site is very
straightforward. Both Sand Sky scalewithtelescope primary diameter D,,. For the case of AO correction
tothediffraction limit, A ~D, . Inthecommon case wherethe sky background isthe dominant noise
source (faint sources and long exposure times), the limiting flux at fixed S/N and exposure time scales
as D,,*, afactor of 3 comparing CELT to the Keck 10-m telescopes. The exposure time to reach a
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given SN scaleslike D, for the seeing-limited case, so that CELT is nine times faster than Keck. For
diffraction-limited observations of unresolved sources, the gain of CELT over a Keck telescope is a
remarkablefactor of 81. Inthediffraction-limited casefor resolved objects, thegain will fall somewhere
between afactor of 9 and 81 depending on the size of the object.

2.4.2 CELT and the Next Generation Space Telescope (NGST)

NGST isaNASA mission that isin the devel opment stages, intended for launch in the 2009-2010 time
frame, with a total cost, including technology development, of about $2 billion. The current design
concept isa 6-m aperture, lightweight deployable primary mirror, designed to be diffraction-limited at
2 um, optimized in the 1-5 um range, but zodiacal-background (as opposed to telescope thermal
background) limited to 10 um. The combination of the envisioned detectors and gold—coated optics
will limit therangeinthevisibletolongward of 0.6 pum. At thetime of thiswriting, the planned NGST
instruments are a 1-5-um imager, a 1-5-um multi-object spectrograph, and a mid-IR combination
imager and low-resolution spectrograph that will likely work to wavelengths of 25-30 um.

CELT will outperform NGST at al wavelengths< 2.5 um, and at longer wavel engths when the higher
angular resolution of CELT is needed or helpful. In general, CELT and NGST are complementary
because each will excel at a different type of observation.

In the comparison with space-based telescopes, the large decrease in sky brightness for telescopes
above the atmosphere is a significant factor. At optical wavelengths, the background sky at V is only
dlightly brighter on the ground, but starting around 0.9 pm where OH emission from the atmosphere
becomes important, the ground-based sky becomes orders of magnitude brighter (reaching a factor of
10° by 3.5 um). Final design of the NGST telescope will set the background levels achieved longward
of 2.5 um (see Figure 2-8).

Mauna K ea Sky

Flux (photons/sec/m~2/micron/arcsec~2)
=)

NGST background model

10 I I I I
1 2 3 4 5
Wavelength (microns)

Figure2-8. Thedark sky comparison between MaunaKeaand amodel for the NGST. Thereisacomponent of
the spacecraft emission in this model longward of 3 um.
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Most of the relatively bright background in the 1-2.5 pm (“near-1R”) windows for observations from
the ground is concentrated into very bright emission from OH moleculesin the upper atmosphere, with
very narrow intrinsic line widths; as a result, the effective background at these wavelengths can be
reduced to within a factor of ~10 of that achieved in space by observing at high spectral resolution.
Instruments using “integral field,” or 3-dimensional spectroscopic techniques (2-dimensional imaging
with high-resol ution spectroscopic information recorded simultaneously), effectively suppress the OH
emission by censoring wavelength channels contaminated by atmospheric emission lines. This same
high spectral resolution is the main scientific requirement for unraveling the physical details of faint
astrophysical sources, and it will require a very large collecting area (aperture) and very large
instruments that are much better suited to terrestrial environments.

Beyond 2.5 um, NGST will bethetelescope of choicefor both imaging and low-to-moderate dispersion
spectroscopy; the exception is when the ~5 times higher spatial resolution achieved with CELT would
more than outweigh the significant loss in sensitivity inherent in terrestrial sites. As described below,
thereare significant areas of astronomy wherethermal-IR observationswith CELT will berevolutionary
even in the era of NGST.

Figure 2-9 is adapted from Gillette and Mountain (1998) and showsthe relative S/N for NGST versus
CELT for three different spectral resolutionsin the near- and mid-1R bands accessible from the ground.
Red barsarefor spectral resolution R =10,000, green barsfor R =1000 and blue barsfor R =5 (broadband
imaging). (Note: At present, NGST will not have spectroscopic capability with R > 1000. This is
largely because of the gainsto be had using large-aperture ground-based tel escopes.) The combination
of low background in space and relatively high dark current for IR detectors means that at the higher
resolution, NGST observations would be detector-noise-limited. For this plot, NGST exposures of
4 x 1000 seconds and S/N of 10 were assumed. The detector characteristics for CELT and NGST
assumed are: dark current = 0.01 e/s, read noise = 4 € for wavelengths shortward of 5.5 pm; and dark
current = 10 e/s, read noise = 30 e for observations longward of 5.5 pum.
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Figure2-9. SN gainfor CELT versusa6.5-m NGST for three spectral resolutions. Red bars are for R=10,000,
green for R=1000, and blue for R=5.
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At longer wavelengths, Figure 2-10 shows the expected limiting fluxes for R = 10 observations for
CELT, Keck, SIRTF, and different configurations for NGST. Also shown is the background at two
angles with respect to the ecliptic for the zodiacal light background level.

Limiting FI

Figure2-10. CELT, Keck, NGST and SIRTF at long wavelengths. Notethat CELT will have closeto the mid-
IR sensitivity of SIRTF (but with 35 times higher spatial resolution) and will approach that of NGST at 25 pum if
the specifications on telescope temperature are relaxed to 75K. These cal culations were done assuming an 8-m
NGST (current de-scoped telescopeis 6 m) and a CELT emissivity of 5% (approximately the same as the Keck
telescope).

Perhaps the greatest advantage of a ground-based facility over a space mission like NGST is the
opportunity to carry out major programs over extended periods of time, and to continue to develop
state-of-the-art instrumentation over a much longer observatory lifetime. This would alow a more
rapid reaction to new developmentsin science over time, and would offer the versatility of applications
both foreseen and unforeseen. Ground-based tel escopes are much less expensive to build and operate
and can be readily upgraded with better instrumentation as technology advances allow. One benefit of
thissituation isthat ground-based facilities can be more flexible, and with aproper suite of instruments
be far more versatile than an orbiting telescope. To avery large extent, NGST is being developed to
excel in just the areas that will be difficult from the ground: extremely sensitive IR imaging and low-
resolution identification-quality spectroscopy.

In short, the capabilities of NGST and a large (=30 m) ground-based telescope that is diffraction-
limited would be almost completely complementary. This is discussed in more detail below on a
scientific case basis.

243 CELT and ALMA

The Atacama Large Millimeter Array (ALMA) isa planned international facility (current partners are
the U.S., Europe, and Japan in roughly equal proportion) that will consist of 64 12-m antennae placed
on a high plateau (5000 m) in the Chilean Andes. On the current schedule, ALMA will be operational
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by the end of thisdecade, and so would be acontemporary with CELT. ALMA will operatein atmospheric
windows from 350 um to 8 mm, optimized for wavelengths of ~1 mm. ALMA will operate in a
number of different array configurations, ranging from a compact, nearly filled aperture array with
baseline of 150 m, to ahigh-resolution configuration with maximum baseline of 10 km. In the compact
configuration, ALMA will have point source sensitivity (estimated) for continuum observations of
~0.1 mJy (10 sigma, 1 hour) at 1 mm with a spatial resolution of ~0.5 arcsec; in the high resolution
configuration ALMA will have a spatial resolution of 0.030 arcsec a 1 mm. As with NGST, CELT
observationswill complement those of ALMA. ALMA will excel at measuring thermal emission from
dust, while CELT will observe the less obscured stars in the same local star-forming regions or high
redshift galaxies.

The science case for ALMA includes many of the same fundamental questions we address below for
CELT. For example, wearguethat CELT will alow detailed physical investigations of galaxiesat high
redshift, using both the light-gathering power and the very high spatial resolution (roughly five times
better at 1 um than for ALMA at 1 mm). ALMA will be most powerful for examining the re-radiated
emission from dust in high redshift galaxies: At 1 mm and z = 3, ALMA will be sensitive to thermal
dust emission for galaxies exceeding 10"L . (star formation rates of 20M per year) , whichwouldin
the present-day universe be classified as luminous infrared galaxies (LIRGs); more luminous objects
will probably be required for rest-frame far-IR spectroscopy. CELT, on the other hand, will have
spectroscopic sensitivity in the UV to near-IR for objects down to the 10 nJy level (and down to rest-
UV luminosities of perhaps 10°L_ , or unobscured star formation rates of ~0.2M_ = per year) at the
same redshifts. It isnow well known from observationsin the sub-mm from the ground that thereisa
significant number of very luminous (L, > 10%L ), heavily obscured (L /L, ~ 500) sourcesat high
redshift, but that the objects which comprise most of the sub-mm background are objects with about
10-times smaller luminosities and 10-times smaller extinction. These more common objects, which
will be within the simultaneous reach of both CELT and ALMA, are those that produce most of the
stars and metals in the high redshift universe. ALMA will allow the robust measurement of their
bolometric energy production and molecular and atomic chemistry for the brightest sources, while
CELT will more easily provide measures of redshifts, kinematics, and stellar populations.

ALMA and CELT will aso be highly complementary for studies of the details of star formation in the
nearby universe. With CELT operating in the 1-30 um range at resolutions from 0.006 arcsec to 0.180
arcsec and ALMA in the 350 um to 8 mm range with spatial resolution of 0.010 arcsec to 0.230 arcsec,
these great observatories will resolve down to AU length scales at distances of 100-150 pc, providing
accessto the detailed chemistry and kinematicsin the nearest star-forming regionsin the galaxy. These
measurements will be used together to understand the formation of stars and the protoplanetary disks
that giverise to planets.

244 CELT and Other Future Facilities

We havelearned from the Keck Observatory that an extremely important roleis played by large ground-
based optical/IR telescopes in following up sources first identified at other wavelengths, both on the
ground and in space. For example, Keck has so far played avital role in the identification of faint X-
ray sources with Chandra, and gamma-ray bursts with Compton Observatory; worked with HST in
identifying the high redshift supernovae, allowing measurement of the acceleration of the universe;
spectroscopically identified rare low-mass stellar objects from the 2-MASS all-sky survey; identified
most of the 850 pm sources for which redshifts are currently known; and obtained high-quality spectra
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of the highest redshift QSOsfrom the Sloan Digital Sky Survey, spectrawhich isbeginning to elucidate
the epoch when the universe became fully-ionized. While much of the credit for these discoveries
often goes to the other facilities, the science would be much less rich, and even not possible, without
the Keck telescopes. We anticipate that CELT will play a similar role alongside future facilities and
surveys both on the ground and in space. A large fraction of astronomy in the future will require
spectroscopic observations of sources that are extremely faint in the optical and IR, and the sensitivity
of large telescopes on the ground at these wavelengths will not be easy to surpass.

25 CELT Science Opportunities

There is virtually no astrophysical problem for which CELT will not represent a huge gain over the
Keck telescopes, due to the order-of-magnitude gain in both collecting area and diffraction-limited
PSF-size. Below we outline scientific programs that would particularly benefit from CELT; past
experience shows that the science we envision now may not be among the most exciting projects for
which CELT will be used by thetimeitisoperational. Nevertheless, they illustrate of the kinds of gains
that will be enabled using the next-generation state-of-the art ground-based optical/IR telescopes, and
they point out the general capabilities desired for the telescope and instruments to guarantee a large
scientific return in the future. Toward this end, we call out particular telescope and instrument goals/
requirements that would be necessary to carry out each of the proposed projects.

The science projects described are not meant to be exhaustive lists of all the areas where CELT will
revolutionize observational astronomy. Rather, our intent is to reflect the great breadth of science,
ranging from Solar System studies to investigation of the highest redshift universe, that CELT will be
able to address.

2.5.1 Solar System Sciencewith CELT

High resolution imaging

In many cases, global infrared images of planets and satellites of the Solar System observed with CELT
would be higher resolution than those obtained by spacecraft exploring the Solar System. In addition,
ground-based telescopes offer the possibility of significantly higher spectral resolution than has been
obtainable on board spacecraft. The combination of these two capabilitieswill allow a30-m telescope
anchored to the Earth to make significant contributions to the exploration of the Solar System. A
further advantage of CELT over explorer-type missionsisthe ability (thanksto the permanent nature of
the facility and a routinely operating adaptive optics system) to monitor changes, e.g., weather and
volcanic activity, on Solar System objects.

As an example, we consider the case of Jupiter’s satellite Europa. Europa's surface is covered with
water ice, but evidence suggests that underneath this ice layer a global liquid water ocean may exist.
Thewater from this ocean may sporadically reach the surface of Europain the many cracks penetrating
theicy surface of the satellite. One piece of supporting evidence for this ocean is that low-resolution
spectroscopy from the Galileo spacecraft has suggested that the dark regions around the cracks are
composed of hydrated salts evaporated from the seawater below. If this were true, the composition of
the salts would hold important answers to questions of composition of the proto-solar nebula, the
degree of agueous processing of the satellites, and the potential for supporting life or pre-organic
chemistry. Unfortunately, at the spectral resolution of Galileo (R ~ 200), the identification of the dark
materials on Europais not certain. A resolution approximately 10 times higher, however, would allow
the many different salt species or other possible components to be readily discerned. While such
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spectral resolutions are routinely available from the ground today, at the low spatial resolution of
typical ground-based observationsthe spectraof the largeicy regions hide the spectraof the unresolved
dark areas. At CELT resolution, however, the dark regions on Europa are resolved (Figure 2-11).

Figure 2-11. A visible-light Galileo image of Europa, convolved to the resolution of CELT. Linear cracks,
expected to be the location of evaporated oceanic salts, are clearly resolved, as are craters and large icy regions.
High-resol ution spectrascopy of thesefeatureswill allow definitive compositional understanding that is currently
not possible.

High spatial and spectral resolution imaging of the satellite will allow definitive compositional
identification that will help to solve many of the questions of this satellite and its possible oceanic
interior. Similar problemswill be solvable on the other Galilean satellites and on many other bodies of
the Solar System.

Studying the edge of the Solar System

Most of the original material in the disk of gas, dust, and ice that formed the sun and planets of our
Solar System has been heated, stirred, and compressed beyond recognition, leaving little information
about theinitia conditionsthat led to the current Solar System. Recently, however, planetary astronomers
have discovered avast swarm of small icy bodies -- named the Kuiper belt -- orbiting at the edge of the
Solar System. While closer to the sun everything was heated and swept into planets, beyond Neptune
the density of material was so low that no planetsformed. These Kuiper belt objects (KBOs) have been
preserved in deep freeze since the time of the formation of the Solar System. Study of the composition
of these objects provides direct access to the make-up of the material out of which the planets formed.

The composition of icy bodies such as these is best determined through moderate-resolution (R ~
1000) spectroscopy in the near-infrared (1-2.5 um) where most important ices have strong absorption
features. Because of their vast distances and small sizes, these objects are extremely faint (typicaly V
~ 24), so such infrared spectroscopy has not been possible. Using the Keck telescope, a few KBOs
have been observed at lower resolution sufficient to detect ices with particularly strong and wide
absorptionssimilar to water, but because of the small numbers of objects studied no concrete conclusions
have been possible. In lieu of spectroscopy, astronomers have been studying the broadband colors of
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KBOsfrom the blueto the infrared. While colors cannot provide compositional information, they can
at least indicate which objects might be compositionally similar and which different. From studies of
dozens of objects, it is apparent that KBOs come in awide range of compositions with colors varying
from essentially neutral to the reddest objects ever observed in the Solar System. It is clear that once
spectroscopy is possible, astronomers will be rewarded with a rich assortment of spectral and
compositional types holding many cluesto the earliest history of the Solar System.

With the advances of laser guide star AO on the Keck telescope, the brightest KBOswill bejust within
reach of infrared spectroscopy. While these are likely to hold many compositional surprises, the color
information suggeststhat these largest objects aretheleast compositionally different, and to understand
thetruediversity of compositionsin the outer Solar System we will haveto be ableto reach to the much
more abundant fainter objects. CELT will alow us to make this jump. With CELT we expect that
hundreds (if not thousands, by then) of moderately faint KBOswill bewell within the range of moderate-
resolution spectroscopy. Because of the relative youth of thisfield, it is difficult to speculate on the
discoveriesthat will be enabled by these advances. However, itisclear that thistype of basic exploration
of the Solar System will yield important insights into the formation of our and other planetary systems
for many yearsto come.

Technical/lnstrumental requirements

Most Solar System observations do not require particularly specialized instrumentation. Imaging of
Solar System objectswill be enabled with any of the planned AO imaging capabilities. Most important
for efficient spectroscopy isthe ability to perform small field ( ~ 2 arsec) integral field spectroscopy at
moderate resolution (R ~ 1000) with large wavelength coverage to quickly cover the entire available
band (cross dispersion isideal).

The telescope needs to efficiently guide and track at non-sidereal rates as high as those expected for
typical bright comets. Solar System observations are often time-specific, focusing on acertain face of
aplanet or aignment of satellites, so the telescope needs to maintain maximum flexibility in pointing
and scheduling. Planets and satellites are often bright; care needs to be taken to make sure that no
instrument is designed in such away as to preclude observation of such bright objects.

2.5.2 Terrestrial Planet Searches and Studieswith CELT

We describe potential observational programswith CELT to study terrestrial planetary systemsoutside
of our Solar System. The large aperture of CELT will enable the order-of-magnitude leap required to
advance from detecting and studying Jovian planets to similar investigations of terrestrial planets.
Once extrasolar terrestrial planets are identified, we will be able to investigate spectroscopically with
CELT whether life may exist on them.

Background

Thefirst planets outside the Solar System were discovered around the pulsar PSR 1257+12 (Wolszczan
and Frail 1992). Therelatively short periods of 70 to 100 days for these planetsimplied that they were
not long-lived survivors of the pre-supernova because they would have been engulfed when that star
was ared supergiant. Instead, these pulsar-orbiting planets were viewed as a remarkable and curious
consequence of a supernova explosion, but not in any obvious sense relevant to providing cluesto the
formation and evolution of our own Solar System.
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The discovery in 1995 (Mayor and Queloz 1995) of a planet around the solar-type star 51 Peg, and the
many other planetary discoveries since then, have dramatically improved our ability to learn about our
own history. Currently, about 50 stars are known to possess roughly Jupiter-mass planets; at least 6%
of approximately solar-mass main sequence stars have planetary companions (Marcy, et a., 2000). As
we study these objects we are now in the position to learn more about the evolution of our own Solar
System and even to address the question of whether life has formed and evolved elsewhere in the
universe.

The bulk of our knowledge of planets comes from observing the reflex motion of the star that they
orbit. Wethereforelearn about their orbital periods and eccentricitiesaswell, M/sin(i), where M isthe
mass of the planet whose orbital planeistipped at anglei relative to the plane of the sky. To date, the
lowest known planetary masses are perhaps as low as 25% that of Jupiter (Marcy, Butler and Vogt
2000). The orbital periods of the planets are less than about 3 years.

In addition to observing their subtle gravitational effects on the star they orbit, there have been efforts
to directly or indirectly detect light from the planets. The most striking result to date is the occultation
of HD 209548 by its companion in a3.5 day orbit (Henry, et a., 2000; Charbonneau, et a., 2000). The
amplitude of the eclipse allows for a direct determination the planet’s radius, which equals 1.5 £ 0.1
times the radius of Jupiter (Jha, et a., 2000).

If a planet is near enough to its host star, it can reflect enough light that its spectral lines might be
detectable. By searching for such reflected light, Charbonneau, et a., (1999) have placed an upper
limit of 0.3 to the albedo near 4800 A of the planetary companionto t Boo. This value of the albedo
islower than that found for the giant planetsin the Solar System which are 0.46, 0.39, 0.60 and 0.58 for
Jupiter, Saturn, Uranus and Neptune, respectively (Karkoschka 1994).

One of the strongest motivationsfor studying extrasolar planetsisto learnif life exists elsewherein the
universe. While there is some possibility that Jovian planets, and especially their satellites, could
harbor life (Sagan and Salepter 1976), it seems more promising to search for life on Earth-like planets.

Inthe Solar System, there aretwo classes of planets. the Jovian gas giantsand the Earth-like (terrestrial)
planets. The Jovian planets are 320 (Jupiter), 95 (Saturn), 15 (Uranus) and 17 (Neptune) times more
massive than the Earth. Therefore, to study Earth-like systems, we should hope to study planets with
masses not more than 10 times that of the Earth. This advance requires roughly an order-of-magnitude
increase in sensitivity over current technology: thisis achieved with theratio of the collecting area of a
30-m CELT compared to a 10-m Keck.

During the past five years, we have succeeded in the ancient dream of detecting planets around other
stars. We are beginning the physical study of these objects. Below, welist how CELT can play avital
role by expanding our studiesto terrestrial aswell as Jovian planets. First, wewill describe how CELT
can be used to detect new planets. Second, we will discuss how CELT can be used to study the planets
that have been detected.

The Search for Terrestrial Planets

One of the main avenues of planetary research will be to identify more of these systems. With the
ability to make catalogs, it will be possible to constrain modelsfor the formation and evolution of these
systems. Many questions arise:
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e What is the mass distribution of planets? At the moment, it looks like the number of planets
increases approximately as dN/dM ~ M1 (Marcy and Butler 2000). This implies that there are
many low mass planets yet to be discovered.

* Thereisahint that planets are mainly found around stars with metallicities greater than or equal to
that of the Sun (Gonzalez, Wallerstein and Saar 1999). Isthisanimportant cluefor planet formation?

*  Why do al the planets with asemi-major axis of their orbit larger than 0.2 AU have distinctly non-
zero orbital eccentricities (Marcy and Butler 2000)?

*  What isthe chemica composition of these planets? Are the massive planets similar to Jupiter and
Saturn?

»  Three companions have been identified around HD 9826 (Marcy, Butler and Fischer 1999); are
multiple planets common?

To answer these gquestions one must increase the sample of known planets.

Currently, the most successful technique to find extrasolar planets has been that of very high-precision
radial velocity measurements; atypical rms scatter of 3 m/s has been achieved at Keck (Vogt, et al.,
2000) and 7 m/s at European Southern Observatory (Santos, et al., 2000). To date, the surveys at Keck
have focused on main sequence stars from spectral type F7 to M5 that have estimated masses of 1.2
M, t00.2M , respectively (Drilling and Landolt 1999). The lowest mass star with aknown planet
is Gliese 876, which has a stellar mass of 0.32 + 0.3 Mg, while its companion hasamassof 21 M,/
sin(i) (Marcy, et a., 1998).

While current telescopes are very successful at finding planets around relatively bright stars, CELT
will be able to search for planets around fainter stars. We expect CELT will have a high-resolution
optical spectrograph similar to the HIRES echelle spectrograph at Keck. We therefore imagine that
with an aperture of 30 m CELT will be able to study objects that are about 2.5 mag fainter than the
current limit for Keck observations. Since Keck is currently observing stars as faint asm,, = 11 mag,
thisimplies that CELT will be able to study stars as faint as about m, = 13.5 mag. The advantage of
extending the search to fainter starsisthat it is possible to search for planets around lower mass stars.
Asaresult, since the minimum mass to detect a planet scales directly to the mass of the orbited star, if
we can monitor lower-mass stars, we can hope to find lower-mass planets.

Because the number distribution of planets seemsto increase toward the lower masses, the current data
suggest that there are large numbers of terrestrial planetsin the Milky Way. With CELT, we should be
ableto identify terrestrial planets around nearby M dwarfs. Since planets with masses as low as 0.25
M have been detected around starsof 1 Mg, by extending the survey to starsof 0.15 M, it may be
possible to detect planets with masses as low as 0.04 M e whichis13M__ .. Withalarge sample of
surveyed stars, it should be possible with current technology to detect planets with masses perhaps a
few timesthat of the Earth, if CELT isbuilt (see Figure 2-12).

2-18



20 : : : : : : : :

Z
0
L)
o
£
o)
0}
L

= =
o o

DETECTABLE PLANET MASS (Mg,er)
o

0 0.2 0.4 0.6
HOST STAR MASS (Mgyy)

Figure 2-12. A plot of the minimum-mass planet that can be detected around a main-sequence host star, via
radial velocity measurements, with the assumptionsthat the planet is ablack body at 300 K, the orbital planeis
viewed edge-on, and the star movesin acircular orbit with a speed of at least 3 m/s. (We choose T = 300K so
that the planet lies in the habitable zone and thus may possess life.) The dashed line for Keck is given by the
constraint that the host star must be brighter than m, = 11.0 mag. In the solar neighborhood, only stars earlier
than M3 or about 0.4 M are found which satisfy this criterion. The dashed line for CELT assumes the same
sensitivity, except now starsasfaint asm,, = 13.5 mag can be studied. The larger telescope will enable searches
for planetsaround starsaslate asM5 or about 0.2 M . The Keck telescope appearsto be restricted to searching
for planets in the habitable zone that are > 9 M__., somewhat |ess than the mass of Uranus (14 M__,.). With
CELT, it may be possible to detect terrestrial planets of 3 M__ . that lie in the habitable zone.

Earth:

Assuming arandom distribution of starswithin the nearest 25 pc around the Sun, the number of sources
that can be detected to alimiting flux, F, varies as F**°. Because CELT can be used to study stars that
are ~ 10 times fainter than is possible with Keck, then the sample of very low mass stars that can be
studied with CELT isabout 30 timeslarger than the samplethat can be studied with Keck. For example,
the catalog of nearby starsis maintained on the NSTARS web site (http://web05.arc.nasa.gov/nstars/).
Among the 100 starswithin 7.2 pc of the Sun, for stars brighter thanm,, = 11.0 mag, there are two stars
(Gliese 699 and Gliese 729) with estimated masses lessthan 0.2 M. However, for m, < 13.5 mag,
there are 30 stars with such low estimated masses.

Spectroscopic Study of Terrestrial Planets

If we are successful in detecting terrestrial-mass planets around nearby M dwarfs, then it may be
possible to investigate spectroscopically the atmospheres of these planets, although the light from the
central star will generally exceed that of the planet by a substantial amount.

Asarepresentative example, consider amain-sequence star of mass0.15 M - with aluminosity, L,, of
3x10°M_ yr?, an effectivetemperature, T,, of 3200 K and aradius, R,, of 1.3 x 10" cm (Burrows, et
al., 1993). Assume a planet of mass 3 M__. that lies at a distance, D, of 1.0 x 10™ cm from the star.
Assume that the radius of this planet, R,__is 3"3times greater than that of the Earth, or 9.2 x 108 cm.
If the planet is in a circular orbit at the most favorable inclination of 90°, it would produce a total
amplitude of radial velocity variation of the M dwarf of 17 m s?, which is easily measurable with
current techniques.
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If p denotes the geometric albedo of the planet, then the ratio € of the observed flux from the planet to
that of the star is:

e=p (R, /D) (2-2)

Planet
Thevalue of p depends on the amplitude and angular dependence of the various sources of scatteringin
the planetary atmosphere, integrated over the surface of the sphere (Charbonneau, et al., 1999). For a
Lambert-law sphere, p = 2/3. Therefore, in this example, € =5 x 103, Charbonneau, et a., (1999)
already have been able to measure a contrast between 1t Boo and its companion at this level
(e = 5 x 102 ) with Keck; therefore, a similar spectroscopic investigation of terrestrial planets with
CELT isredlistic.

There are other possible methods for performing spectroscopic studies of terrestrial planets. If the
planet happensto eclipsethe central star, as occurswith HD 209548 and its companion, then absorption
lines produced in the atmosphere of the planet may be studied during the eclipse. Also, the duration
and amplitude of the eclipse will allow adirect determination of the radius and albedo of the planet.

Spectroscopy in the mid-IR should be an important tool to study the planet’s atmosphere. If the planet
isat adistance of 10 cm from the star, which isonly afactor of 2.5 greater than the distance between
the Earth and the Moon, it islikely that the planet’s rotational period will betidally locked to its orbital
period. Thismeansthat the planet will always present the same faceto the star it orbits. Consequently,
although there will be arange of temperatures on the surface, the mean temperature on the illuminated
side of the planet, T, if the albedo, w, is 0.3 will be given by the expression:

T =1-w)L,/(4ps,D?) (2-3)
where s, is the Stephan-Boltzmann constant. With the parameters given above, then T, = 1000 K.

Therefore, if we assume that both the planet and the star radiate like black bodies, the ratio of the
thermal flux from the planet to that from the star is given by the expression:

F,(planet) / F () = (R)/R.)* (B, [T ]/B,[T.] (2-4)

At10pum, F (planet) / F, () =9x 10 Withan S/N of about 1000, it should be possible to measure the
spectrum of the planet since in the mid-IR we expect that the spectrum of the planet and that of the
central star are very different from each other. Furthermore, the planet’s spectral lines will exhibit
strong, periodic, predictable Doppler shifts that will provide an additional signature of light from the
planet.

While we do not imagine life similar to that on the Earth to exist at 1000 K, the dark side of the planet
will be much cooler. Asaresult, there may be a habitable zone on the surface of the planet.

One of the spectroscopic signatures of life on a planet might be the presence of O,. This moleculeis
very difficult to measure from the ground. However, its daughter molecules, OH and O,, may also be
indirect signatures of the presence of biological processesin the atmosphere of an extrasolar terrestrial
planet. We should be able to detect OH in the near-IR and O, in the mid-IR in the spectrum of such a
planet. That is, athough these two molecules are present in the Earth’s atmosphere, they would exhibit
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apredictable velocity shift of 140 km s* with a period of ~ 0.5 days in the spectrum of the extrasolar
planet. This predictable shift will enable us to separate the telluric lines from those intrinsic to the
planet, and we will be able to measure the amount of OH and O, in the planet’s atmosphere. These
molecules may signal that life exists on the planet. With CELT, we will be able to begin a focused
scientific search for signs of life elsewhere in our Galaxy.

Direct Imaging of Extrasolar Planets

A powerful complement to the indirect planet-detection techniques (radial-vel ocity measurements and
astrometric measurements) and spectroscopic detection discussed above will be direct imaging of
extrasolar planets themselves by resolving them from the parent star. Such detections would then
allow photometry or spectroscopy of detected companions, allowing measurements of their composition
and perhaps temperature, and allowing (for example) the rocky giant planets to be distinguished from
small gaseousplanets. It will also be animportant step towardsthe direct imaging of true Earth analogs,
as proposed by NASA’s Terrestrial Planet Finder program.

Direct detection of extrasolar planets is extremely difficult. Jupiter is approximately a billion times
fainter than the sun. Seen through the Earth’s atmosphere, stars are surrounded by a diffuse halo of
scattered light. The key to direct detection is to enhance the contrast of the planet relative to this halo.
There are two regimesin which thiswill be possible with CELT: searches for young extrasolar planets
through near-1R emission with anormal AO system, and searches for solar systemslike our own using
high-contrast “extreme” adaptive optics.

Direct Detection of Young Extrasolar Planets

Thefirst regimefor CELT direct planet detection isthe search for young extrasolar planets; at an age of
10 million years, a Jupiter-mass planet would still have an effective temperature of 600-800 K, and be
only afactor of 10° dimmer than a sun-like star in the near-infrared. Current 8-10-m telescopes with
AO systems could detect such objects at separations of ~0.5-1.0 arsecs. Since the nearest populations
of young stars (e.g, the TW Hydrae association) are ~ 50 pc from the Earth, this correspondsto ascale
of 25 AU; it is currently unknown whether giant planets are common on such wide scales.

In thisregime, the adaptive optics system doeslittleto suppressthe hal o of scattered light, and sensitivity
comes primarily from concentrating the light from the planet into adiffraction-limited spike. Based on
current Keck AO performance and predictions of CELT AO performance we could therefore expect to
detect young planets at separations of ~0.2-0.3 arcsec, corresponding to a scale of 10-15 AU. This
opens up the possibility of seeing solar systems like our own in the process of formation, providing a
direct test of the conventional planet-formation paradigm.

Detection of Extrasolar Planetsin Reflected Starlight

The second regime for planet detection is a search for reflected starlight from Jupiter-like planets
orbiting nearby stars. Asmentioned above, conventional AO systemswith sub-aperture sized =50 cm
havelittle effect on the scattered light halo. By thetime CELT isareality it will be possibleto construct
so-called “extreme” adaptive optics (EAO) systems with d = 5-1 cm, using new technologies such as
MEMS deformable mirrors. Section 9.5.1 discusses the design and performance of such systemsin
moredetail. Briefly, such systems massively suppress the scattered light halo to an intensity 10°-107 of
the central star, and with long (1-4 hr) integration times, could overcome noise from residual halo
fluctuations and see Jupiter-like planets at 1-10 AU separations.

2-21



Deployed on an 8-10-m telescope, such a system would require stars brighter than m_~ 3.5, limiting it
to ahandful of nearby stars. On CELT, such a system would operate to m_~ 5-6, opening up ten times
as many target stars and allowing for a large-scale survey, e.g., of al sun-like starswithin 10 pc. As
indirect techniques become sensitive to planetsin wider orbits, thiswill also produce several casesin
which planets detected by astrometric motions or radial-velocity variations are within reach of direct
CELT AO imaging, an extremely powerful combination. It is even possible that around the nearest
sun-like stars CELT could achieve contrast levels of ~ 4 x 10 at separations of 1-2 AU, sufficient to
detect an Earth-like planet, thus paving the way for space-based spectroscopic follow-up.

Technical and Instrumental Requirements

Theindirect planet searches described above require a high-resol ution (R ~ 40,000) optical spectrograph,
similar to the HIRES instruments on Keck. Spectral multiplexing is not important for this particular
application.

The spectroscopic detection of planets requires diffraction-limited intermediate-to-high-resolution
spectroscopy in both the near-IR (1-2.5 pm) and in the thermal-IR (5-12 um).

Direct imaging of young extrasolar planets requires only the basic CELT AO system as discussed in
Chapter 9, operated in either laser guide star or natural guide star mode, combined with an infrared
camera similar to Keck’s NIRC2, with a Lyot mask or other coronagraph. (Segment aberrations, if
severe, may require a more sophisticated coronagraph.)

Detection of mature extrasolar planets orbiting nearby stars requires a full-fledged EAO system with
10° to 10° actuators; this daunting but exciting prospect is discussed in detail in Section 9.5.1.

Thetwo latter projects place requirements on the telescope and site choice. Thelargest known populations
of nearby young stars, such as the TW Hydrae association and Tucanae association, are located in the
southern hemisphere from ~25 to ~70 degrees DEC. Although some young associations are being
discovered further north, it appears that (for currently unknown reasons) the bulk of the nearby young
stellar groups are in the south.

For the EAO mode, by contrast, the primary site consideration is seeing; EAO performance drops
sharply withiincreasing r,. An EAO system should be located at a site that experiences a significant
number of nights with r,> 50cm in the I-band.

2.5.3 CELT and Star Formation

The development of the theory of stellar structure and evolution is one of the great achievements of
twentieth century science. Yet this elegant theory that explains the life cycle of starsisincompletein
onecritical aspect: It doesnot predict nor account for theformation of stars. Star formation playsakey
role, at small scales, intheorigin of our own Solar System; and at much larger scales, in the appearance,
structure, and evolution of galaxies. However, it is the least understood aspect of these fundamental
processes. Nonetheless, over thelast quarter-century impressive advances in our understanding of star
formation have resulted from the continued devel opment of new technol ogical observation capabilities
from both the ground and space. During this period we have learned:

1. Starsform continually in our galaxy within the dense cores of giant molecular clouds.
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2. The process of star formation is almost always accompanied by the formation of a circumstellar
disk. By analogy with the Solar System this suggests that conditions suitable for planet formation
may be a natural by-product of the star formation process and that planetary systems may be
common in the galaxy. The recent detection of extrasolar planetary systems around a few nearby
stars has provided support for that notion.

3. Star formationisacomplex and dynamic process dominated by gravitational collapse, but isalways
accompanied by (and may even require) the energetic gection of spectacular bipolar jets and
outflows.

4. Starstendto formin pairs, groups and clusters, but rarely inisolation.

Existing theories cannot simultaneously account for all these facts. Moreover, anumber of additional
mysteries still need to be solved before a credible theory of star formation can be constructed. Perhaps
two of the most critical of these issues are: 1) identifying the physical factors that determine stellar
mass, and 2) determining the origin of the initial mass function (IMF). Until these issues are resolved
our knowledge of the entirelife cycle of starswill beincomplete and our understanding of galaxieswill
remain on ashaky foundation. The physical processof star formation spans an enormous rangein both
gpatial scale (~ 8 orders of magnitude) and density (~ 20 orders of magnitude), and although much has
been learned in the last two decades, direct observations of various key stages has proved to be a
formidable chalenge. In particular, we have little knowledge of the critical processes that occur on
relatively small physical scales (< 200 AU), such as the development of energetic bipolar jets, the
growth and evolution of aprotostar through accretion and infall of circumstellar matter, and the evolution
of acircumstellar disk to form a system of planets.

CELT, working in concert with the NGST and ALMA, will have a profound impact in the upcoming
decades on our understanding of the origins of both stars and planetary systems. Working at differing
wavel engths and probing arange of angular scales (from 1-200 AU), these new facilities will provide
amore detailed and comprehensive picture of the earliest stages of star and planet formation than has
been previously possible. In particular, the angular resolution and sensitivity afforded by adiffraction-
limited 30-m telescope such as CELT provides a unique opportunity to obtain spatially resolved
observations of regions as small as 1 AU (at 1 um) in the nearest protostellar clouds.

Observations with such a large telescope will yield information on:

* Theorigin and natureof bipolar jets. High angular and spectral resolution observations should
be able to determine how closeto the central protostar thejets are collimated and whether jetsform
asdisk winds or are driven from close to the surface of the protostar itself. Detailed knowledge of
the driving mechanism of such jets may be needed to assess whether such gjections regulate the
mass of the star and the form of the IMF in the star formation process.

» Thestructureand natureof protostar. High-resolution spectroscopy at near-infrared wavelengths
would probe the velocity/density structure of protostellar environments on scales from afew AU
down to the stellar surface (even in seeing-limited mode). Protostars gain mass through infall and
disk accretion; disk accretion is believed to dominate in the inner regions. However, the nature of
the accretion mechanism is unclear. Does material accrete directly from the disk onto the stellar
surface or instead along dipolefield linesfrom atruncated disk? Isthe accretion steady or episodic?
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Is the accretion path the same in protostars as in pre-main sequence stars? Detailed observations
by CELT of theinner regions of the protostellar disk and envel ope are essential to answering these
questions. In addition, the added sensitivity provided by the increased light-gathering power of
CELT will enable measurement of the photospheric absorption linesfrom protostellar atmospheres
that are too heavily veiled to be easily detected with smaller telescopes, even with high spectral
resolution. This will enable direct measurement of such physical properties as the effective
temperatures, surface gravities, rotation rates, and even accretion energy of protostars, and will
critically constrain protostellar theory.

. e

Figure 2-13. The dynamics of both binary stars and disks can be used to measure the masses of young stars, and
thereby calibrate the pre-main sequence evolutionary models that currently produce widely discrepant results
towards lower masses. The figure shows a simulation (provided by M. Brown) of H2 emission (at 17 um) from
adisk witha0.5 Mg star (left) compared to the view of an 0.8 M star (right). In al casesthe star islocated
at 50 pc. Intheimage, wavelength runsleft to right, distance up and down. The full extent of thevisibledisk is
100AU inradiuswith 12 AU per pixel. Thevelocity scale has 1.5 km/sper pixel. CELT (bottom) compared to
Keck (top) observations clearly show how the factor of 3 resolutionincreaseiskey. By observing regions closer
to the central star we will observe regions of higher velocities, and thus will more easily and more accurately
measure rotation speeds.

Protostellar companions and masses. High angular resolution imaging and spectroscopy will
permit the measurement of the frequency, separations, and orbital motions of binary companions
to protostars and more evolved young stellar objects (such as T Tauri stars) on scalesof 1-5AU in
the nearest star forming regions. This would yield the first direct determinations of protostellar
masses, knowledge of which isfundamental to the devel opment of acompl etetheory of protostellar
formation and evolution (see Figure 2-13). Moreover, determination of thefrequency of protostellar
companions is vital to understanding the process of star formation and the survivability of
protoplanetary disks.

Disk structureand chemistry. CELT will provide both the spatial and spectral resolution needed
to investigate the physical and chemical structure of disks. For instance, the majority of the mid-
infrared emission from a protoplanetary disk is confined to the inner circumstellar regions (r < 20
AU). The improvement in angular resolution with CELT will allow the first spatially-resolved
mapping of the dust structure and chemistry of young disks in the region where planetary systems
are thought to form (see Figure 2-14). For both these disks and the older debris disks (for which
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thefirst spatially resolved images have recently been obtained, Figure 2-15), maps of the thermal
emission at mid-infrared wavelengths, or scattered light at near-infrared wavelengths, have the
potential to reveal gaps and spiral arms in the surface density caused by gravitational interaction
with embedded protoplanets. For instance, Jupiter would have first cleared the primitive solar
nebulato form agap of ~1 AU at an orbital radius of 5AU. Thiswould be detected at the distance
to the nearest star formation regions (d = 150 pc).
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Figure 2-14. Simulations of mid-infrared observations of a disk surrounding a young low mass (T Tauri) star.
The disk extent is clearly resolved and detailed structure such as a 10 AU gap can also be detected.

Technical and instrumental requirements

The instrumental requirements for star formation studies with CELT fall into two categories: high-
order AO-based imaging and spectroscopic observations in the 1-5 um range, and diffraction-limited
imaging and spectroscopy in the thermal-IR (5-30 um). Inthe near-IR arelatively narrow field, high
Strehl AO imaging system, and the ability to do spatially-resolved spectroscopy (e.g., using an IFU)
would beideal. Itisnot foreseen that apatrolling multi-headed |FU system, or aparticularly wideAO-
corrected field, would be essential for most star formation science.

The requirement for the thermal-IR observations has the potential for acting asamuch stronger driver
for aspects of the telescope and low-order AO system design, aswell asfor the choice of the CELT site.
With the exception of the 10 um atmospheric window, which is quite transparent (see Section 2.3.2
above), the thermal-IR transmission depends critically on the water vapor content in the atmosphere.
The best terrestrial sitesaverage 1 mm of precipitable water vapor or less (e.g., MaunaKeaand sitesin
the high Andes in Chile); other sites that have been developed recently (e.g., Cerro Paranal in Chile)
have much worse statistics. The water vapor content is strongly correlated with the altitude of the
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Figure 2-15. Direct images of the debris disk around the main sequence A star HR 4796, which show both the
advantage of high spatial resolution and the interplay between ground- and space-based facilities. Ontheleftis
amid-infrared (24.5 um) image from the Keck Telescope of the thermal emission from the disk. On theright
isanear-infrared (1.1 um) image taken with NICMOS aboard Hubble Space Telescope, which detects the disk
in light scattered from the central star. With CELT, much higher resolution images could be obtained of these
disks around A stars, and of disks around lower mass and younger stars that are currently unobtainable.

observatory. As discussed above in Section 2.4.2, the thermal IR observations with CELT cannot
competein raw sensitivity with NGST, but all of the science discussed aboveisdriven by thefivetimes
higher spatial resolution afforded by CELT, and by the ability to obtain very high spectral resolution
mid-IR spectroscopy.

Two different mid-1R instruments are suggested: a5-30 um imager, and a’5-30 pm spectrograph capable
of R ~100,000. Asdiscussed in Section 9.5, there are several concepts being explored for a mid-IR
optimized AO system and focal position. The emissivity of the telescope combined with the AO system
may be prohibitive if the same AO system is used in the thermal-IR asin the near-IR.

2.5.4 Nearby Galaxies: Chemical Evolution and Star For mation Histories

Introduction

The vast majority of galaxies are studied in the merged light of millions or billions of stars and other
glowing gases. In our own Galaxy, on the other hand, we can study individual stars and have been able
to construct a remarkably clear picture of the star formation history, the gradual buildup of elements
higher in atomic number than helium, and the kinematic and dynamical processesthat shape the Galaxy.
There are still a number of unresolved issues in our understanding of the history of the Galaxy. One
suchissueistherelative contribution of aglobal initial collapse of gasand dust versustheincorporation
of dwarf galaxies or galaxy fragments through tidal interactions (as predicted by hierarchical structure
formation). Because starswithinitial mass slightly lower than the Sun have lifetimes comparable to or
greater than the age of the Galaxy, we have many examples of starsthat formed in theinitial collapse of
the Galaxy as well as stars formed throughout the history of the Galaxy. Thisiswhat isknown asthe
“fossil record” for Galactic history.

Itisalready known that the complement of dwarf galaxies around the Galaxy had their first burst of star
formation synchronized remarkably well with that of the Galaxy. However, the subsequent star-formation
historiesand chemical enrichment historiesare different in amost every casefor the companion galaxies
of the Milky Way. With HST and the Keck 10-m telescopes the first steps have been made toward
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detailed study of the fossil record of old starsin M31 and some of its companions. One very exciting
capability of a30-m telescopeisthe extension of detailed fossil record studies to other members of the
Local Group and beyond.

Photometry

The color-magnitude diagram studies of star clusters and dwarf galaxy companions of the Galaxy have
been used with great success to estimate distances, overall metallicity, and ages. Specific useful
observations are:

o apparent level of the horizontal branch (HB) as a standard candle for distance measurements,

» dope and color of the red-giant branch (RGB) along with its intrinsic color width for estimating
[Fe/H] and metallicity distributions,

» theapparent magnitude of the main-sequence turnoff (MSTO) for direct estimates of the age(s) of
astellar population, and

» theapparent brightness of the tip of the RGB for estimating distances.

Thetypical surface density of giants at the center of adwarf spheroidal galaxy at the distance of Virgo
isaround 1000 per square arcsec. For seeing-limited observations this density makes observations of
individual starsimpossible. However, at the diffraction limit of a 30-m telescope thisis lessthan 0.05
stars/resolution element at R. Thelocal universe out to Virgo contains hundreds of dwarf galaxies, and
many massive spiral and elliptical galaxies. The sample of objects for which we would have accurate
estimates of star formation histories and chemical enrichment histories would go from the handful in
the Galaxy’s complement of dwarfs to hundreds, spanning a huge range in environment. Important
issuesthat could be addressed are: theimportance of local galaxy density in determining star formation
history; the dispersion in the chemical evolution histories for galaxies of similar mass; and the very
puzzling situation that gal axies apparently similar in total mass and environment can havevery different
histories of using and losing their initial gas content.

M oder ate- and high-resolution spectroscopy

The chemical evolution history of agalaxy, or component of a galaxy is written in the details of the
distribution of elements seen in the atmospheres of stars. Particularly with Keck high-resolution
spectroscopy we are beginning to piece together the details of the chemical evolution of the Galactic
halo going all the way back to the first epoch of star formation. The principal inputs are relative
distributions of elements with different nucleosynthetic origins. With high-resolution spectroscopy
limited to relatively bright stars with 10-m telescopes, the nearby galaxies are so far unexplored.

It isin the realm of R > 5000 spectroscopy that CELT will excel. There are alarge number of open
guestionsin Galactic stellar astronomy that have proven too difficult for the current 8-10-m tel escopes.
Extending abundance and kinematic studies for individual stars to other Local Group galaxies and
beyond will be a very important strength of CELT. R ~ 5000 spectroscopy allows absorption-line
velocities to be determined with a precision of 1 km/sec, and abundances of certain elements to be
measured based on equivalent-width measures for individual transitions. For the | through H bands,
thisresolutionissufficiently highto resolvethe OH emission of the sky and allow work in uncontaminated
regions of the spectrum (see Figure 2-6).
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Higher spectral resolutions (typically 25,000 < R < 60,000) arerequired for detail ed chemical abundance
studies that include elements throughout the periodic table and represent al of the nucleosynthesis
paths in stars and supernovae explosions.
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Figure 2-16. Theintegration time required for R-band imaging as a function of magnitude to reach S/N=10 for
a10-mtelescope and 30-m tel escope operating in seeing-limited and diffraction-limited modes. For AO correction
at this wavelength a Strehl of 0.35 is assumed. Also shown isthe level of the HB and an old population main
sequence, as they would appear at the distance of M31, the M81 Group (4 Mpc), NGC 3379 in the Leo Group
(10 Mpc) and at the Virgo Cluster (16 Mpc). For AO observations with CELT, RGB stars are relatively easily
observed throughout the local universe to the distance of the Virgo cluster. The horizontal branch is accessible
with some effort with CELT and AO in this same volume. Direct measurements of an old population’s MSTO
will be possible throughout the Local Group and at the distance of the nearest neighbor groups around M 81,
NGC 5128 and CenA.

State-of -the-art observations of these kindswith 8-10 mfacilities are limited to the nearest members of
the Local Group (out to M31) for R ~ 5000 studies (kinematics and rough chemical abundances) of
bright giants. Detailed abundance studies at higher spectral resolution arelimitedto V < 16 —giantsin
the halo and dwarf starsin the solar neighborhood only.

There are tremendous possibilitiesin these areas with CELT both in extending work in the Galaxy and

moving out into the Local Group and for some projects into the nearby M81 (north) or Cen A (south)
groups.
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Specific areas that will have to await a 30-m telescope for further progress are:
* insitu detailed abundances for Galactic main-sequence globular cluster stars;

» the properties and number density of halo white dwarfs (currently thought to be a significant
contributor to the Galactic dark matter halo based on the MACHO project);

* detailed abundance studiesfor giant starsin the outer Galactic halo, M 31, the M 31 dwarf companions,
and M 33;

» detailed abundance studies of early-type starsin low-metallicity environments (dwarf galaxies).

Technical and instrumental considerations

Direct imaging col or-magnitude diagram studies require reasonably high Strehl observations (> 0.3) to
800 nm over modest fields (10-30 arcsec diameter). Traditional stellar abundance studies have been
carried out shortward of 600 nm where there is an abundance of atomic absorption lines. Rarely are
spectroscopy studies in this regime background-limited, and AO-fed spectroscopy does not result in
significant gains. Much of the chemical abundance work described above would be carried out in the
seeing-limited mode.

2.5.5 Probing Galactic Nuclel with CELT

Super-massive black holesare believed to providethe central enginesthat power the abnormally luminous
galaxies called quasars (with luminosity exceeding 10 times that of a normal bright galaxy), and the
somewhat lessluminous, but still anomalously bright, galaxies called “ active galactic nuclei” or AGNSs.
Thisinsight was achieved more than two decades ago.

We are now learning that super-massive black holes are common at the centers of nearby galaxies, with
masses ranging from 10° to 10° M . After years of work combining HST imaging with HST and
ground-based spectroscopy, anincomplete census of ~35 super-massive black holesamong the nearest
galaxies has been assembled. The progress of thiswork was fueled by the recent installation of STIS
on the HST, which offered long-dlit spectroscopy with anarrow dlit, thus enabling astronomersto take
full advantage of the superb spatial resolution of HST in the spectroscopic mode.

Asshown by Ferrareseand Merritt (2000), and also by Gebhardt, et a., (2000), thereisacloserelationship
between the deduced mass of the black hole and the velocity dispersion of the host galaxy’sbulge. A
summary of the current stateisshownin Figure2-17, and aprediction of M, isgiven, with surprisingly
small scatter, by

M., =12x 1M (0/200 kms*) (2-5)
where o isthe bulge velocity dispersion. Thisimpliesthat the presence and ultimate size of the central

black hole must be closely related to how the galaxy itself formed. A correlation with somewhat larger
scatter between the black hole mass and the bulge luminosity of the galaxy,

M, =0.9x 10° M, [L, (bulge) / 10°L __ ] (2-6)

has been known for the past few years (Kormendy 2000). These relationships apply to galactic bulges,
but not to galactic disks.
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Figure2-17. Theempirical relationship between inferred black hole massand galaxy central velocity dispersion
(Gebhardt, et al., 2000).

This new insight suggests that most galaxies contain super-massive central black holes, but at the
present time these are relatively inert and not being “fed” enough gas to produce high-luminosity
central sources. This paradigm offers new possibilitiesfor constraining the process of galaxy collapse
and formation, and understanding the dynamics of the central regions of galaxies. Theoretical efforts
are aready underway to understand the relationship between central black holes and star formation
rates, gas dynamics and other forms of feedback (Ciotti and Ostriker 1997, 2000; Blandford 1999; Silk
and Rees 1998). We also want to understand the complex issues associated with transferring angular
momentum outwards so that the central engine can be “fed” by infalling material from a massive
accretion disk.

We believe that understanding the phenomena associated with super-massive black holesin the nearby
universe, and exploring this phenomenain more distant galaxies are significant tasks for which CELT
science will bring major advances. Kinematic estimates of the masses of central black holesin AGNs
rely on either measurements of the rotation curves of gas circulating around the black hole or
measurements of the velocity dispersion of the starsinitsclosevicinity. In either case, the high spatial
resolution of CELT will be critical to such studies.

AGN Accretion Disk Sizesand Spatial Resolution Issues

In the case of QSOs and Seyfert nuclei, the central black hole is fueled by an accretion disk that is
responsible for thermal radiation at a temperature of around 20,000 K, and produces the “big blue
bump” at around 2500 A on top of the power law continuum due to synchrotron radiation. The size of
the optical disk is about 10* cm for a typical Seyfert galaxy and 10'® cm for a QSO. The broad
emission lines characteristic of QSOs and Seyfert galaxies are produced in a region about ten times
bigger than the optical disk, although the relationship between the two phenomenais not understood.
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These structures immediately surrounding the central engine and responsible for itsradiation cannot
be resolved by even a 30-m telescope.

Black hole masses, on the other hand, can be determined using anumber of techniques. Thefirstisthe
dynamical perturbation introduced by the central super-massive object. The presence of acentral black
hole is deduced from arise in the velocity dispersion of the stars as the central point mass begins to
dominate the gravitational potential. For ablack hole of mass M, in agalaxy with astellar velocity
dispersion of o,, = 300, this happens at aradiusr, suchthat GM,,/r, ~0,* orr,~6pcfor M, = 3x
10° M. The perturbation to the central velocity dispersion can be measured out to radii r ~ 101,
(depending on the surface brightness of the stellar bulge), or perhaps ~ 60 pc (about 0.6 arcsec at the
distance of the Virgo cluster). This scale is so small that for higher redshifts or smaller black hole/
galaxy masses, and given the preponderance of nuclear star formation at earlier cosmic epochs, most of
the measurements are likely to be based on gas dynamics of the nuclear disks rather than on traditional
measures of stellar velocity dispersion.

HST observations have shown that many local AGNs have arelatively large rotating disk of emitting
gaswhichisresponsiblefor spatially unresolved sharp emission lines observed in ground-based spectra.
Asan example, the emission line disk seen in M87 by HST isabout 150 pc in diameter and is believed
to feed a black hole with mass 3 x 10°M__. (The black hole mass deduced from the rotation of the
accretion disk gas agrees with that obtained from observations of the velocity dispersion of the starsin
the vicinity of the center of M 87.) A recent study by Sarzi, et a., (2000) of 24 nearby AGNs using
HST/STISrevealed evidence for emitting gasin the majority of the objects. In asubstantial minority
the velocity field was sufficiently symmetric to be attributed to rotation and the mass of the
central black hole could be estimated. These emitting disks range in size from afew pc to aslarge as
~ 150 pc for the most massive black holes.

The spatial resolution of CELT, if diffraction-limited, will be 8 =A/30m=3.3x 108(A/ 1 um) radians,
which correspondsto 0.007 (A/ 1 um) arsecs. At awavelength of ~ 1 um, this correspondsto a spatial
resolution of 0.5 pc at the distance of the Virgo cluster, and 35 pc at z= 0.5 (at which point the Ha line
isredshifted into the 1 um window). Thus, it may result that black hole demographics can be extended,
especially for the most massive cases, to cosmological redshifts. Because the physical scale
corresponding to afixed angular resolution changes only very slowly beyond z~ 0.5 (see Section 2.4.6:
even at z ~ 3, the CELT resolution element at 1 um corresponds to ~ 60pc), the CELT diffraction-
limited angular resolution may well be high enough to resolve nuclear disks around super-massive
black holesto the highest redshifts.

The range of sizes and rotation speeds of these outer gaseous disks is not known; it is also not known
if they exist around the central engines of QSOs. A search for such structures in both active and
quiescent galactic nuclei would be aprime subject for CELT. In any case, the high spatial resolution of
CELT will allow unprecedented ability to discern non-stellar nuclear activity in galaxies at all redshifts
for which they can be detected (perhaps z~ 5).

Technical and instrumental considerations

An integral-field spectrograph operating under diffraction-limited conditions would be ideal for this
application. Thereis no need for multiple movable probes, but rather for coverage by a single IFU
over an area as large as possible, and certainly not less than 2 x 2 arcsec. The velocity resolution
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required, given theintrinsic stellar velocity dispersion of galactic bulges and the rotation speeds of the
disks, is~ 30 km s?, for a spectral resolution of R = 10,000.

Direct imaging, both through narrow- and broadband filters, at the full diffraction-limited spatial
resolution over afield at least 10 x 10 arcsec® will also be required in order to help disentangle stellar
and nebular components in the galaxy centers.

Future developmentsin extremeAO (i.e., extending AO capabilitiesinto the optical) have the potential
to increase the resolution by a factor of 3-4 over that in the near-IR and could conceivably improve
sensitivity to nuclear activity aswell, allowing accessto nuclear black hole studiesfor even intermediate
mass black holes during the “epoch of galaxy formation” at z~ 1-4. This capability would provide
access to black hole statistics during the very time that the stellar bulges are being formed, allowing a
direct assessment of the origins of the correlations seen locally.

2.5.6 Diffraction-Limited Studies of the History of Galaxies: The z=1-5 Universe

It is anticipated that a major activity of the next decade for the current 8-10-m telescopes will be
surveys and global statistics of galaxies and QSOs as afunction of look-back time, and that substantial
progress will have been made by 2010. Placing these objects into a cosmological context, and
understanding both obvious and subtle forms of evolution as a function of time, will require delving
into the detailed astrophysics of individual galaxies. Thiswould involve measuring small-spatial-scale
internal kinematics, chemical abundances, abundance gradients, gas-phase physical conditions, stellar
content, sub-kpc morphology, etc., al as a function of large-scale environment and of cosmic time.

Thereislittle question that NGST will in most cases be the preferred facility for observing galaxies at
z>> 5, where the most important diagnostic features in the spectra of galaxies move into the thermal
IR; and for opening up the currently unexplored “ dark ages’ prior to reionization. Beyond 2.5 pum, the
improved spatial resolution from a 30-m ground-based telescope will be nullified by the prohibitive
background for faint object science (see Section 2.4). However, for tracing the evolution of galaxy
populations over the period of cosmic history most important in forming the stars and metals present in
the universe today, more modest redshifts -- but significantly greater spectroscopic capability -- are
required. Asdiscussed in Section 2.4, at high spectral resolution (R = 5000), the terrestrial background
in the 0.8-2.5 um range can be reduced to within a factor of ~10 of that in space, as the bulk of the
background comesfrom very narrow OH airglow lines and not from thermal emission. Coincidentally,
thisisalso the regimein resol ution where spectroscopy opens up new possibilitiesfor studies of distant
galaxies. These include measuring the relationship between luminosity and mass and measuring the
chemical properties of galaxies. Thesewill be made using nebular line diagnostics, therichinterstellar
absorption line spectrum intherest-frame UV, and through theintegrated stellar light. These observations
will be necessary for understanding galaxy formation and evolution and how they are related to the
development of large-scale structure of the universe.
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Figure 2-18. Two views of the star formation history of the universe, based on current data. Notein the bottom
panel that thereis essentially no cosmic time prior to z ~ 5. NGST will explore the very high redshift universe;
large surveysfor galaxiesin the redshift range 1 < z < 5 will be carried out using 4-8-m class survey telescopes
and 8-10-m telescopes for follow-up spectroscopy over the next decade. A 30-m, diffraction-limited telescope
will provide detailed accessto the chemical and dynamical history of the z = 1-5 universe through spectroscopic
and imaging capabilities that will be unparalleled.
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Figure2-19. Plot showing the accessibility of important diagnostic spectral features asafunction of wavelength
and of redshift. Thenebular emission linesof [Ol1], [Oll1], Hb, and Haare expected to beimportant for measuring
both chemical abundances and kinematics of galaxies during the z = 1-5 cosmic epoch, and have the advantage
of increasing the detectability of galaxies by a factor as large as 5 magnitudes. The brightest objects at these
redshifts will be amenable to spatially resolved continuum spectroscopy, capable of yielding information on
(e.g.) stellar abundance, age gradients, and stellar velocity dispersions.
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Ideally, one needs spectral resolution of R = 5000 in order to resolve the rotation curve or velocity
dispersion of a(potentially) low-massgalaxy. Thetypical half-light radius of galaxiesin this range of
redshift is~ 0.2-0.3 arcsec. We do not know at present if these galaxies are rotationally supported, as
resolved spectroscopy iscurrently difficult or impossible. Adaptive opticson 8-m classtelescopeswill
allow (with a great deal of effort) diffraction-limited images of these distant galaxies that will be
significantly better than those achieved so far using the HST; however, they will generally lack the
sensitivity to exploit the spatial resolution with spectroscopy. The physical measurements allowed by
high-dispersion spectroscopy are key for relating one observed epoch to another, and for connecting
theory to observation. Detailed spectroscopy at high spatial resolution will be capable of revealing the
physical processes behind the observed morphologies.

With a30-m diffraction-limited tel escope we will be able to achieve the same kind of spatial resolution
on a galaxy at z= 1-5 as can presently be achieved at the distance of the Virgo cluster with typical
seeing-limited resol ution (~ 50 pc per resolution element). Thiswould place as many as~ 50 resolution
elements across a typical compact galaxy at high redshift. These galaxies currently appear as small
“fuzzballs’ even at HST spatial resolution of ~ 0.1 arcsec. We expect that at much higher spatial
resolution they will break up into very small, luminous*knots,” making it possibleto measure chemical
abundances for individual star clusters/giant HIl regions, trace the kinematics of large-scale outflows
acrosstheface of the galaxies (using theinterstellar absorption linesagainst the UV continuum produced
by massive stars), and see whether the overal kinematics of the galaxies are chaotic or follow an
underlying ordered motion. It should, therefore, be possible not only to measure the masses of the
(generally) compact gal axies observed at high redshift, but al so to delveinto the detailed baryon physics
that controls the appearance and evolution of the galaxies.

The 0.6-2.5 um range will contain information on the far-UV to the optical/near-IR for galaxiesin the
redshift range 1 < z< 5. Thisrange-of-rest wavelength contains information about the most massive
stars, the physics of the interstellar medium, the chemical abundances in Hil regions, and the stellar
features most commonly used to measure vel ocity dispersions and age-sensitivelineindicesfor nearby
galaxies. The 30-m diffraction-limited telescope will essentially allow diagnostic study of galaxies
during the epoch of galaxy formation that is equivalent to the current state-of-the-art study of nearby
galaxies.

There are several outstanding questions that might be answered. When did galactic bulgesform? Are
distant galaxiesrotationally supported? What controlsthe declinein the global star formation rate that
beginsat z~ 1? What is the mass function (as opposed to the luminosity function) of distant galaxies?
How much metal massis gjected from galaxies during their robust star-forming phase, polluting the
IGM? Are chaotic morphologies redly indicative of mergers, or are they a natural consequence of
rapid star formation? What has been the influence of the large-scale environment on the detailed
evolution of galaxies? What controlsthe epoch when recognizable spiral disks appear? Answersto all
of these questions require acombination of spectral and spatial resolution (and the necessary sensitivity
when operating in this mode) that is beyond the capabilities of either 8-10-m telescopes or NGST.

Practical I ssuesand Limitations
How will CELT with AO complement and compete with NGST and ALMA, theforefront new facilities
that will become operational on roughly the same timescale?

Theissues of sensitivity for CELT and NGST are reasonably clear, and are summarized in Section 2.2
of thisdocument. CELT isinferior in sensitivity relative to NGST longward of 2.5 um, but achieves
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superiority for any spectroscopic applications shortward of 2.5 um. ALMA will be superior to CELT
for studying the molecular gas content of high redshift galaxies, and for studying the thermal dust
continuum in the observed-frame sub-mm. Here we consider the efficacy of AO-fed observations in
the 1-2.5 pm range with CELT.

Galaxies are not point sources, and the strength of any general statement one can make is based on the
statistics of the sample rather than on any spectacular single observation. Just to set the stage, following
isasummary of the spatial resolution of CELT and NGST and the projected physical scalesat avariety
of redshifts. The assumed cosmology is Q_=0.3,Q,=0.7, h=1.

Table 2-2. Resolution versus Redshift at 2 um

Redshift Scale NGST CELT
(2) (kpc/arcsec) (diff limit) (diff limit)
0.5 4.3 350pc 70pc

10 55 450pc 90pc

20 5.9 475pc 95pc

3.0 54 450pc 90pc

4.0 4.9 400pc 80pc

We aready know that the bulk of galaxiesinthe universeat z> 1 have very small physical sizes, with
half-light radii on the order of 1-2 kpc. This meansthat the 0.06 arsec resolution of NGST at 2 um will
barely resolve such objects. With CELT resolution we can place 10-20 resolution elements across a
typical compact high redshift galaxy. We do not know what these objects will ook like at such high
gpatia resolution, and the gainswith AO will depend strongly on thisunknown. We have hints, however,
from starburst galaxiesin therelatively local universe, that the compact galaxieswill become resolved
into anumber of “super star clusters.” The spatial resolution of CELT/AO approachesthe physical size
of individual HIl regionsin the local universe.

: DSF 2237a-C2 z=3.318
Keck/NIRSPEC 54005

= 19-Sep-99 [on1] 4959,50G7 -

Figure 2-20. The proposed most-efficient mode of observing faint galaxies with CELT will involve integral
field spectroscopy, where multiple IFU “units” can be deployed on interesting objects within the AO-corrected
field of view. 3-D spectral maps are produced, where each spatial sample within an IFU unit is recorded as a
separate spectrum on the detector, as shown schematically in the right hand panel. The quality of the spectrum
on the right is roughly that expected for an average 0.05 x 0.05 arcsec:spatial sample on a galaxy at z ~ 3
(although the spectral resolution we are proposing is ~ 3 times higher).
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Thisisinteresting from a morphological perspective for galaxiesin the redshift range z= 0.5-5 or so;
however, the biggest gains of CELT will likely come from (multiplexed) integral field spectroscopy
behind AO (see Figure 2-20). The advantages of a ground-based telescope with a large aperture are
very clear for spectroscopy, particularly at spectral resolution R = 5000, for severa reasons. We have
already discussed how high resolution effectively lowers the background by ~ 2 orders of magnitude
by resolving out the OH emission. Inaddition, NGST will most likely not have spectroscopic capability
of R >1000. This corresponds to a maximum resolution of ~ 300 km s?, and while adequate for
measuring redshifts of extremely faint galaxies, it isnot suitablefor detailed kinematics of halos having
circular velocities typically in the range 30-200 km s*. The capability of achieving ~ 80 pc spatial
resolution on galaxiesin the z= 0.5-5 universe could very well revolutionize the study of very distant
galaxies if the resolution is feeding a moderate to high dispersion spectrograph, allowing for spatial
dissection into individual knots with accurate velocities and chemistry accessible for each one.

In general, low-resolution (i.e., identification-quality) near-1R spectroscopy of faint objectsthat are not
point sources will be better done with NGST. The CELT/AO limitsfor faint galaxy spectroscopy will
depend very sensitively on what the galaxieslook like at 80pc (0.16 arcsec) resolution at 2.2 um. Inthe
worst case that galaxies are smooth on scales smaller than ~ 0.2 arcsec (the limit of current near-IR
images from either ground or NICMOS), then experience with Keck suggests that spectroscopy of
objects with K ~ 22.5 should be possible for emission line studies using CELT. Continuum studies
might be extended to K~ 20.5 if the observations are background-limited. In the casethat our putative
galaxy isresolved into many pieces spread over 0.2-0.3 arcsec, it is conceivable that one could reach
magnitudes as faint as K ~ 24-25 for successful emission line spectroscopy. Thistype of observation
would be best done with an integral-fiel d-like configuration, where one could focus only on theregions
that exceed a certain S/N (unknown apriori). While these limits are still 5-6 magnitudes brighter than
the faintest galaxies that deep NGST images will uncover, they extend to several magnitudes fainter
than L* for all redshifts z= 1-5.

Even at K ~ 22.5 the surface density of galaxies is ~ 50 arcmin?, so that a 1 armin field AO system
would include as many as 50 potential spectroscopic targets, and perhaps many morethan that. (I1f one
istargeting a particular redshift or range of redshifts then the number will go down significantly, e.g.,
the number of z= 2-2.5 galaxiesin that same collection of 50 would be on the order of 5.) Given the
likely limitsfor spectroscopy with CELT/AQ inthe near-IR, most of the targets could be easily selected
with Keck images, as long as the selection can be done in the optical or near-IR (i.e., no need for
NGST). Most of the objectsimaged by NGST would be out of thereach of CELT for spectroscopy. We
conclude that the CELT AO field size should be driven by science considerations other than
complementarity with NGST, and even 1 arcmin fields would be scientifically interesting for AO-fed
integral field spectrographs. Obvioudly, larger fields would mean more science per unit integration
time.

Note that measuring redshiftsfor most objectsin this same redshift range that have strong spectroscopic
featuresfalling in the 1-2.5 pum range can be trivially accomplished using seeing-limited observations
in the optical (using CELT, e.g.). The primary purpose of the AO-fed near-IR observations would
generally be physical measurements of, e.g., chemistry and kinematics, rather than simply measuring
redshifts. In Section 2.5.7 we discuss how optical observations of galaxies at similar redshift will
provide complementary dataon the physics of massive star formation, gal actic winds, and theintergalactic
medium; see Section 2.5.8 for adiscussion of CELT observations of the “dark ages’ prior to z~ 5.
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I nstrument Requirements
A summary of the requirements for AO-fed faint galaxy science:

» Deployablel FUs. Most of the sky isblank at CELT/AQ resolution and there will be perhapstens
of objects per square arcmin within the sensitivity range of CELT spectroscopy. Each IFU need
only sample perhaps 1 to 2 arcsec “ patches’ of sky, feeding amoderately high dispersion R ~ 5000
spectrograph. One does not know a priori how finely one would want to sample spatially on the
detector or with the IFU spatial element. In many cases full diffraction-limited resolution may be
overkill; depending on the detector characteristics, one might want to have options for spatia
sampling to feed the spectrograph.

* Imaging mode: An imaging mode covering the 1-2 arcmin AO-corrected field (envisioned to be
the maximum in the 1-2 um range) would be potentially very interesting, but probably lessimportant
than the ability to efficiently feed a spectrograph. The “deployable IFU imager” discussed in
Section 10.5.3 seems particularly attractive in this regard.

»  For faint galaxy science, capabilities beyond 2.5 um are not deemed important.

2.5.7 WideFied Sciencewith CELT

The baseline design for CELT provides accessto a~ 20 arcmin field with good images, similar to the
Keck telescopes. Whileat first glance it would seem that the largest gains provided by CELT would be
in the near-IR where AO can provide diffraction-limited images, there is a large body of exciting
science that takes advantage of the huge gain in spectroscopic throughput (particularly in the 0.3-0.8
pum range where the background is low even at low-to-moderate spectral resolution) afforded by the
order-of-magnitude gainin collecting area. If the challenge of building instrumentsthat can takein the
whole of the CELT 20 arcmin field can be met, there are huge leaps forward to be made, particularly in
our understanding of the evolution of the large-scale structure of the universe.

Thereisarich variety of science programs where seeing-limited (or perhaps ground level turbulence-
corrected) observations over the full CELT 20 arcmin field will be extremely important. The 30-m
aperture of CELT brings objects roughly ten timesfainter within reach for moderate-to-high dispersion
spectroscopy in the optical; there are many classes of objectswhose surface density on the sky is100 or
moretimeslarger at CELT limits compared to (e.g.) Keck. These are the areaswhere CELT will truly
revolutionize wide field spectroscopy. We explore one of these areas below, in order to motivate by
example the kind of wide-field instrumental capabilities desirable for CELT.

Galaxy/IGM Connection at High Redshift

By the end of the current decade, we will have very robust constraints on the distribution of galaxies
over theredshift range 0 < z< 1, largely through ambitious surveys on 4-8-m class tel escopes (e.g., the
Two Degree Field Redshift Survey, the Sloan Digital Sky Survey, the Keck DEEP survey, the VLT
VIRMOS survey, etc.). CELT will enable usto extend thiskind of detailed mapping of the universeto
theredshift range 2 < z< 4, an epoch during which we believe alarge fraction of the stars presently seen
in galaxies were formed, and where the structures seen at z< 1 will bein the early stages of assembly.
As we describe below, the insight into the evolution of the entire baryonic component of the universe,
and its connection to the underlying distribution of dark matter, may be best attained at these high
redshifts, using the unique capabilities of CELT.
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Most of the baryons in the universe are believed to be distributed in the form of diffuse gas in the
intergalactic medium, a component that has not been observed in its own emission but can be very
sensitively observed using background probesin whose spectrathe Lyman a line of hydrogenisrecorded
in the rest-frame UV. Lyman a absorption line studies can detect quantities of neutral hydrogen that
are more than seven orders of magnitude smaller than required for detection viaemissioninthe 21 cm
line. The Lyman a line is observable from the ground for redshifts z> 1.6. The undulations in the
neutral hydrogen content of the universe along each line of sight to a suitable background source are
recorded in the form of a spectrum of the so-called “Lyman a forest.” At present, sensitive probes of
this dominant intergal actic baryonic component are limited to rare high redshift QSOs, whose surface
density on the sky at magnitudes attainable using Keck is very low (much less than 100 per square
degree), so that at best only one-dimensional information is accessible. Key to the huge amount of
progress that could be made with CELT is that the surface density of suitable background probes
depends extremely sensitively on apparent magnitude, and that with a 30-m aperture the number of
background targets increases by more than two orders of magnitude. Thishigh density of background
probes allows tracing of the three-dimensional distribution of diffuse gas at high redshift. When
combined with faint galaxy surveysin the same cosmic volume, which are also enabled with CELT and
a20 arcminfield, anearly complete census of cosmic baryons, and deep insight into the galaxy formation
procaCs and its connection to large-scale structure in the universe, comes within reach.
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Figure2-21. Anillustration of how multiple lines of sight through avolume of the universe at high redshift (in
this case, a hydrodynamic simulation produced by the Princeton cosmology group) can be used to map out the
3-dimensional structure. Each line of sight yields detailed 1-D maps of the H | in the IGM, as well as the
associated metal lines, as shown in the panels on the left. CELT allows dense sampling of the IGM because
background galaxies can be used, rather than QSOs (which are much rarer).

In Figure 2-21, we sketch a program of observations with CELT that would be capable of surveying
both the galaxy distribution and the diffuse intergal actic medium over volumesthat arelarge enough to
provide an accurate measure of clustering statistics and characterize the largest structures at z~ 2-3.5.
The program would provide a huge range in environment, enabling detailed testing of assertions that
the Lyman a forest traces mass fluctuations and that gal axies trace the same fluctuations but in amuch
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more biased way (the level of bias can in principle be measured directly from these observations, as
well). Thesurvey will also allow adetailed map of wherethe metalsarerelative to the galaxies, testing
ideas about the baseline metallicity in the IGM and where it originated.

The 3-dimensional structure of the |[GM hasbecomeafocal point for much cosmol ogical theory because
the gas giving rise to the Lyman o forest is expected to provide a nearly direct mapping of the total
matter distribution (see Figure 2-21). This assertion is based on the application of the so-called
“fluctuating Gunn-Peterson approximation,” the idea that diffuse baryonsin the Lyman a forest trace
regions within a factor of ~10 of the mean density of the universe. The “equation of state” of this
diffuse H I is simple enough that the H | optical depth should be a monotonic function of the line-of-
sight mass density. In this way, “tomography” of the IGM (via multiple lines of sight through any
survey volume) should be capable of tracing out the overall mass distribution on all scales larger than
about 0.5 Mpc (co-moving). This simple idea of diffuse baryons tracing mass would be extremely
powerful, if true. At present, it has not been adequately tested. A clear test of most ideas about galaxy
and structure formation would require observations of galaxies and of the relative distribution of the
diffuse IGM. These observations are expected to trace the same undulations in the matter distribution,
albeitin a“biased” manner. The details of thisrelationship would constitute crucial constraints on the
process of galaxy formation and its connection to large-scale structure. Very recent observations have
suggested that the galaxy formation process is so energetic at high redshifts that individual galaxies
strongly affect the physical state of the |IGM within ~ 500h—* kpc (co-moving) through the influence of
large-scale winds, which move gas mechanically and shock-heat much of the surrounding medium.
This callsinto question the simplest assumptions inherent in the current picture of the Lyman o forest;
however, the IGM then becomes a powerful tool for understanding the energetics of galaxy formation.
Inany casg, itisclear that the smultaneous study of the diffuse IGM and forming galaxiesisfundamental
to understanding both.

The same spectrathat would be useful for quantitative probes of the IGM distribution would also be of
high enough SN to detect very weak metal lines associated with the same Lyman a forest systems.
This would provide probes of metals distribution in the IGM, and allow for detailed chemica and
kinematic analyses (of the galaxiesthemselves) from the high quality rest-framefar UV spectra. Taken
together, these observationswill provide athree-dimensional mass distribution and amap of thelocation
of gaseous regions that have been enriched in metals.

While the diffuse baryons are probed using intermediate resolution spectroscopy, the details of the
gaaxy distribution are best obtained through wide-field faint galaxy spectroscopy, capable of obtaining
redshiftsfor objects ~ 10 timesfainter than thefaint limit for the IGM probes. A low-dispersion optical
spectrograph on a 30 m telescope would have the capability of obtaining identification-quality spectra
of extremely faint galaxiesat z~ 2-4 (to R ~ 26.5 with high level of completeness (based on scaling of
experience from Keck), reaching faint enough to sample the equivaent of the L* galaxy density in the
present-day universe. Thisisacritical aspect of the CELT survey; asit would allow making evolutionary
connections with substantially higher validity. Present day galaxy evolution studies, particularly at
high redshifts (z> 2), are hindered by the fact that only relatively rare objects are detectable.

The uncertainties in photometric redshifts are, unfortunately, much too large to allow their use for this
part of the project. Accurate redshifts are necessary for examining the three-dimensional galaxy
distribution and for establishing galaxies effectsonthe|GM. Typical photometric redshift uncertainties
at these redshifts would result in distance uncertainties of several hundred Mpc, athough they would

2-39



clearly be useful in pre-selecting the spectroscopic sample. For the sake of illustration, the combination
of survey volume and apparent magnitude limits is chosen to approximate the SDSS redshift survey,
tuned to the cosmic epoch 2 < z< 3.5. There are many reasons for focusing on this redshift range,
including the practical ease of obtaining redshifts where the night sky is quite dark (3500-6000 A),
accessibility of the Lyman a line of H |, and the ease of applying photometric pre-selection using
optical wide-field photometry.

Survey Details

Based on the scaling relative to Keck/ESI, with CELT the apparent magnitude limit for obtaining R =
8000 (seeing-limited) spectrawith continuum S/N = 30 per resolution element will be R ~ 24 (for 10-
hour integrations). Thisresolution ishigh enough that structureinthe Lyman a forest isresolved down
to velocity scalesof ~40 km s(~500h—* kpc). Inside of thisthe approximation of the gasasafluid that
closely traces mass fluctuations (the fluctuating Gunn-Peterson approximation described above) must
break down due to thermal- and hydro-dynamical effects. While the surface density of QSOs in the
required z ~ 2-4 redshift range to R ~ 24 will be about 75 per square degree (estimated from the QSO
ratein current Lyman break galaxy surveysreaching similar magnitude level swith high completeness),
the corresponding surface density of compact high redshift galaxies will be about 5000 per square
degree. While galaxy spectraare somewhat more complex than those of QSOs, it is clear that they can
be used as probes since theintrinsic lines are easily separable from the intervening systems because of
the large velocity width of the interstellar featuresin the galaxy spectra. An example of the quality that
could be achievablefor typical probesisgivenin Figure 2-22. Thissurface density placesabout 1 line-
of-sight probe of the IGM at every co-moving square h't Mpc at z~ 3, or aspatial sampling rate of one
probe per few hundred proper Kpc (and so just about the right spatial resolution to match the spectral
resolution).

The survey volume assuming z ~ 2-3.5 will be about 3 x 10°Mpc® per square degree (Q_=0.3, Q, =
0.7) co-moving. Assuming a faint galaxy magnitude limit of R ~ 26.5, from the known luminosity
distribution of UV-selected galaxies at these redshifts, there will be about 50,000 galaxies per square
degreein the redshift range of interest. A survey of 10 square degrees would thus contain a volume of
afew times 10’ Mpc® (co-moving) and would contain 500,000 galaxies, both numbers very similar to
SDSS in the local universe. The sample space density would be ~ 2 x 102Mpc?, or roughly an L*
density in the present universe. The survey should consist of four to six ~ 2.5° x ~ 1° fields, each
spanning regions~ 200-100h* Mpc (co-moving) transverseto theline of sight, roughly what would be
wanted to adequately sample the largest structure that could possibly have existed at those cosmic
epochs. There would be hundreds of protoclustersin such a volume.

The point of these numbersisthat it would be possible to perform a Sloan-like redshift survey in the
2 <z< 3.5 universe, with the added benefit of more than 50,000 “skewers’ through the IGM in the
same cosmic volume in about one year of observing time with CELT (detailed below). The survey
products would include:

» extremely good spectra of 50,000 bright high redshift galaxies (c.f. Figure 2-22), allowing for
studies of chemical abundances, detailed kinematics of gas associated with the galaxies, and massive

2-40



[
MS1512—¢B588, z=2.723, Keck/ESI May 2000

)
o

fav]
o]

<
L

it q (ﬁ r"l"w"‘\""‘“"‘“‘f‘\w‘f“um]'| “\J\ ‘

M

£, (udy)

NV 1240 -t onne o
01 1803
CIl 1334 -

- Silv-1898-:°
CIV 1549

H
o
[

4000 4500 5000 5500 6000
Wavelength (R)

Figure 2-22. Example spectrum of alensed (by afactor of ~ 30) high redshift galaxy (z = 2.732) obtained using
ESI on the Keck Il telescope. Thisis approximately the average quality spectrum that could be expected for
R =24 galaxy probes of the diffuse IGM at high redshift (R ~8000). The unmarked doublet features near 5120
A and 5160 A are an intervening Mg 11 doublet at z,_ = 0.828 and an intervening C IV doublet at z,_ = 2.331,
respectively. There are at least 4 additional intervening C 1V doubletsidentified in the spectrum. This spectrum
hasyielded the gas-phase chemical abundances of 5 different elements and provides our only current glimpse at
the detailed physics of high-redshift star forming galaxies. Such spectrawill be routine with CELT.

stellar populations from the UV spectral features (thisisin addition to the utility of the spectrafor
tracing out the IGM distribution);

* adensely sampled volume that would contain a snapshot of structure formation progress at only
15% of the universe's current age (the volume is large enough to contain hundreds of protocluster
environments, which could be observed conveniently with a small investment of time at other
wavelengths becauseit is contained within fairly small angular scales on the sky, owing to the high
redshift);

» constraints on the evolution of galaxy clustering, feedback between galaxies and the IGM, 3-D
structure of the IGM, and therelative structurestraced by galaxiesall with unprecedented precision
(compared to any redshift); and

» avast array of follow-up projects using high spatial and spectral resolution, background sources
for weak lensing studies at high redshift (z~ 1-1.5), NGST chemical abundance studies, etc.

Technical and Instrumental | ssues

Ideally, a multi-fiber spectrograph with 400-500 fibers over a 20 arcmin field would allow spectra of
al of the available R < 24 IGM probes, in the spectrograph field of view, simultaneously. Assuming
integration times of 10 hours per pointing, a 10 square degree survey could be completed in 1000 hours
(~125 nights). The ideal wavelength range covered would be 3500-7000 A, with aminimum spectral
resolution of R ~ 5000.
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The faint galaxy portion of the survey would be slightly more time consuming. Here we assume an
imaging spectrograph (R ~ 500) using the full 20 arcmin field, with 20 arcmin total dlit length and 4
banks of dlitsacrossthe dispersion direction (so that about 500 spectracould be obtained simultaneoudy).
An integration time of about 2 hours should be sufficient for about 80% spectroscopic completeness
and observing 500,000 gal axieswould then require 2000 hours, or 250 nights. A lessambitiousimaging
spectrograph (i.e., asmaller field of view) would require smaller fields, sparser sampling, or both.

2.5.8 CELT and Exploration of the*Dark Ages’

At thetime of thiswriting, very little is known about cosmic epochs prior to z~ 4; there is ahandful of
known QSOs with z > 5, and a similar-sized handful of faint galaxies identified, mostly from the
Hubble Deep Field. At present, thisis one areawhere the discovery spaceis still very large, since we
do not know at what redshift detectable star formation in galaxies began. The redshifts explored so far
do not clearly indicate an absence of star formation well beyond z ~ 5. As detailed above, the NGST
mission is being optimized for exploration of the z> 5 universe; however, there are several areas in
which CELT may figure prominently for “dark ages’ science:

» Spectroscopy of probes of the re-ionization epoch: There are currently indications that the
highest redshift QSOs are beginning to pierce the re-ionization epoch, when neutral hydrogen in
the intergal actic medium was ionized and when the IGM was heated to a temperature of ~ 10* K.
Re-ionization is expected to occur in a “patchy” manner, with initially isolated ionized regions
interspersed with regions that remain optically thick in H 1. The detailed structure of the IGM
requires quite high spectral resolution in order to resolve regions that are optically thinin H |
during this transition period. There are estimated to be only 20 z> 6 QSOs in the entire Sloan
survey, so that clearly adetailed understanding of the physicsof re-ionization (and the nature of the
ionizing sources responsible for it) will be severely limited. It islikely that many more, much
fainter z > 6 objects (both galaxies and AGN) will be discovered in the intervening decade, but
spectroscopic follow-up at the requisite moderate to high resolution (R ~ 10,000) will not be
possiblewith either Keck or NGST for thesefaint objects. CELT may bethe only tel escope capable
of high enough quality spectrato observe the details of re-ionization.

» Thephysicsof thefirst galaxies: Evenif the re-ionization epoch isnear z~ 6 aswe are currently
led to believe, the predictionsfor the formation epoch of the objectsresponsiblefor thereionization
is not completely clear. Most theory based on hierarchical structure formation predicts that the
first objects that can significantly affect the equation of state of the IGM are objects of total mass
~10°M, . Thesewould be predicted to have rest-UV luminosities at the nano-Jy level (i.e., m,, >
30) at z~ 10. Depending on the nature of these sources (sizes surface brightness, spectral features,
etc.) and which redshift is most important, CELT’s superior performance at the diffraction limit
using moderately high spectral resolution (~ 5000) in the 0.0 to 2.5 pm range may be a crucial

capability in the NGST era.

* Narrow-band imaging: NGST will be limited in what it can do by the filters that go into space
with it, necessarily a very finite number. It may well be that narrowband imaging, tuned to (for
example) the Lyman a emission linefor the highest redshift sources, may reveal interesting physics
of reionization. The Lyman a line can be observed up to redshifts z ~ 19 using a narrow-band
imaging system on CELT constrained to A < 2.5 um.
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Technical and Instrument | ssues

The area of spectroscopy of probes of the re-ionization epoch would benefit from high dispersion,
high efficiency spectroscopy inthe0.8-2.5 umrange. It may bethat this can be accomplished using the
deployable IFUs behind the AO system for the z= 1-5 program. However, it is possible that a normal
glit spectrograph optimized for faint near-IR work would be superior, and perhaps even be required to
attain the desired spectral resolution of ~ 10,000.

The physicsof thefirst galaxieswould benefit from near-1R deployable IFU spectroscopy behind AO.
Narrow-band imaging calls for capabilities at optical and near-IR wavelengths. This might be
accomplished by anumber of different instruments. Thereis probably astrong science caseto be made
for “tunable filter” imaging for awide variety of science applications.
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Chapter 3. Telescope Perfor mance Specifications

1300 I g (oo [0 Tox i o] o [T PR 3-2
3.2 SCIENCE REIGEA GOEIS ......coviieeiiiieieee ettt et sre e snee s 3-2
3.3 General Optical CONFIQUIATON ........ooeeiiieieeie sttt sr e e beeeesreenae e 3-3
3.3.1 Basic Design Choice: Filled or Unfilled APerture...........cooeveeneneseene e 3-3
3.3.2 BasiC OptiCal CONFIQUIALTON ......cc.eeiieeiiiiesieeiesie ettt sttt e et esreesaesneens 3-3
0 TG B =S 0 1) V71 0 o o PSR PRRRN 3-3
R 11 0 T el PSSR 3-4
3.3.5 CaSSEgraiN FOCUS ........eoiiiiuieitieie ettt ettt sttt e s st e be et e sae e be et e eneenbeeneesreenaeennens 34
3.4 OptiCal SPECITICALIONS. ......ciieieeitieiieeie ettt st b et e s aeesbe e te s st e sbeeneesreenaenneeas 34
I R 0o | <o (] e [ (= RS RRT 34
3.4.2 Seeing-Limited (Adaptive OptiCS Off) .......cooiiiiiiiieeee e 34
e I N0 = o L1 AV @ o1 01 @ o TSR PRRR 35
3.4.4 Criteriafor Thermal INFrared ... e 3-6
3.4.5 Wavelength COVEIAJE .......coiueeieieerieeie ettt st b et e b e e e st e sbeeneesne e 3-7
3.4.6 PoINting and TraCKiNg ........cceeiiiieieeieee ettt s b e 3-7
3.5 ENVIFONMENTEL .....eiiiiiiiiiiie ettt sttt e s e b e et esaeesbeensesneesbeeneesaeenaennnens 3-7
Nt Ao - PSR 3-7
R I 0= 1 1 0 PR 3-8
3.5.3 Wind, Precipitation, @nd DUSE ..........cccoiiiiiriiiierieeie e s 3-8
N <0 1 o PSR 3-8
N SR ® o1 = (0] 7= TSRS 3-8
3.6.1 TElESCOPE ENCIOSUIE ..ottt et sa et e e be st e sreenaesnee s 3-8
3.6.2 TElESCOPE SEIVICING ...eiuviieeieeieeiee sttt ettt et e bt be st e sbeebe s e e s be e besaeesbeensesseenbeentesneenes 3-8
3.6.3 INStrumMeENt HaNAIiNG ......ccceieeieiieiecie et e e te e sre e e sneeneesnee e 3-8
3.6.4 SEOMENT SLOTAOE .....ce ettt e ettt e st e e be e s e e e sbe e saee e beeenneenneesnreenneeenns 39
G I |V [ g o @0 = = PSR 3-9
3.6.6 Mirror Coatings and REFIECHIVITY .......c.ooiiiieiiieece e 39
3.6.7 Other SUPPOIt REQUITEIMENTS .......ooueiiiiiiiierie ettt a e neennas 3-10
3.6.8 OVErall REITADIITY ..oveeeeeeiieieee et eas 3-10




3.1 Introduction

In this chapter we discuss several issuesrelating to the overall telescope performance. We present and
explain the major decisions made to specify the CELT project, including the type of telescope, the
optical design and the foci that will be used. We also discuss the various facilities that are needed to
enable the telescope to perform well, including the image quality, adaptive optics, and the enclosure.
We also include some general requirements, especially on the performance of the telescope.

3.2 Science Related Goals

From the perspective of an astronomer, any limitations placed upon the ideal will reduce the scientific
potential of atelescope. Developing specifications for atelescopeisan art of compromise. The major
componentsinclude scientific goals, technological feasibility, start date for scientific observations, and
available funds. Specifications represent a thoughtful and idiosyncratic expression of the group of
astronomers who, through their astronomical interests, make difficult choices determining those
specifications. There are several key issues to be considered.

First, the collecting area of the telescope tends to define the faintest object that can be studied. Most
astronomical observations are photon-starved, hencethelarger the collecting areathe better. We select
the diameter D = 30 m because we judge that thiswill bring major new scientific possibilitiesin a short
time scale, and it is consistent with technical, schedule and financia realities.

A second key issue is the image quality or angular resolution that can be achieved. Many if not most
astronomical observations benefit from improved angular resolution. Thisisfundamentally limited by
diffraction to an angular resolution of A/D. Thisalso demonstrates abasic benefit of increasing thesize
of thetelescope. Unfortunately, an earthbound tel escope must gather light that has passed through the
atmosphere, and its thermal turbulence usually blurs the image very significantly, at best to levels of
about 0.5 arcsec. The importance of this atmospheric limitation drives us to search for earth-based
sites that have the smallest thermal turbulence above the site, and also to the development of adaptive
optics, atechnigue that can significantly reduce the effects of thermal turbulence on image quality.

A third key issue is the field of view (FOV) of the telescope. Often the astronomer wants to study
statistical samples of groups of objects, such as galaxies; hence the ability to study multiple objects at
onceisagreat advantage. Thistypically requires scientific instruments designed with this capability,
aswell as atelescope that can deliver high quality images over arelatively large FOV.

In many ways the most important issue influencing the power of an observatory isthe capability of the
scientific instruments to which the telescope delivers the light. Because we expect that scientific
instrumentation for CELT will evolve over the life of the telescope, we must make our best predictions
and design atelescope to support both established current needs and predicted future needs. Experience
suggests that the telescope characteristics are relatively permanent.

Many other issuesinfluence the effectiveness of the telescope: the areaof sky over which the telescope
can point; the speed and accuracy with which the telescope can point to an object; the transparency of
the atmosphere above the telescope; the nature and magnitude of the light blockages of the telescope;
the temperature and thermal emission of the telescope, etc.



3.3 General Optical Configuration

3.3.1 Basic Design Choice: Filled or Unfilled Aperture

A fundamental choice must be made of the configuration of the collecting area. Typically telescopes
have a single and continuous primary mirror. However, since angular resolution increases with the
baseline D of the telescope, configurations with the collecting area distributed into distinct telescopes
or separated mirrors can increase D for afixed collecting area and thus potentially achieve improved
angular resolution. Such unfilled apertures are sometimes chosen. However, they increase the
mechanical size of the telescope and associated costs. It isalso typical that the FOV of these systems
is decreased. We have chosen a single, filled aperture to best fulfill our magjor research goals and to
[imit the compl exity, time to completion, and cost of the facility.

3.3.2 Basic Optical Configuration

CELT will usejust one focal location, the Nasmyth. In order to provide the desired FOV, we will use
aRitchey-Chrétien optical design. The primary mirror will be hyperbolic with afocal length of 45 m.
The secondary mirror will be sized to provide an unvignetted FOV of 20 arcmin at afinal f-ratio of f/
15. The secondary mirror position will be actively controlled, and to reduce any low frequency image
motion from facility-induced vibration or windshake, the secondary should have tip-tilt closed-loop
control at a bandwidth of 1 Hz.

In addition to the f/15 secondary, provision may be provided for an adaptive secondary that can deliver
wavefront compensation to produce Strehl-ratio S> 0.9 at 5 um. Thiswill require at least 500 actuators.

For engineering reasons the telescope will be an altitude-azimuth mechanical mount. In order to
maximize the size of the Nasmyth platforms and to minimize the size of the enclosure, we require that
the elevation axis be in front of the primary mirror. Thischoice will be carefully reviewed in the next
phase of work.

3.3.3 Nasmyth Foci

The Nasmyth foci offer the same image quality as the Cassegrain focus. However, these locations
provide spacefor largeinstruments, and the gravity vector does not changerelativeto the platform. We
will provide two Nasmyth platforms, each approximately 15 mx 30 m (450 m?) insize. Each platform
will have a load carrying capacity of 80 tons. A disadvantage of the Nasmyth focus is that the flat
tertiary mirror, used to fold the light to the Nasmyth platforms, will absorb additional light.

The tertiary mirror will be tip-tilt articulated to provide direct access for more than two instruments.
Thisalowsthetertiary to direct thelight to arange of instrument locations both on and off the elevation
axis without any additional mirrors.

Polarization measurements are more difficult at the Nasmyth, so efforts will be made to minimize the
degree of polarization of the light reflected from the tertiary (by maximizing the reflectivity), and to
minimize its unpredictability by mapping it as afunction of elevation angle.

Normal facilities will be available to support these instruments. This includes handling equipment,
cooling capabilities, clean electrical power, support of cryogenic cooling systems, and guiding systems.
Field rotation is a natural phenomenon at a Nasmyth focus. Compensation for this will be the
responsibility of the scientific instrument, as will atmospheric dispersion compensation.
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3.3.4 PrimeFocus

We mention briefly two alternate foci that have been rejected. First and simplest is the prime focus,
where asinglereflection from the primary mirror bringsthelight to afocus. Thisfocuswould havethe
smallest light loss from reflectivity of the optics, and also have the smallest image sizes in a linear
senseduetotherelatively short focal length. However, thisfocus has several significant disadvantages.
First, images at prime focus suffer from coma; thus the uncorrected FOV is small. For CELT, coma
grows linearly with field angle to 0.5 arcsec at afield angle of 6.0 arcsec. Second, providing a prime
focus capability requires both correcting optics and a scientific instrument, and these significantly
increasethelength of thetelescope, thusincreasing the required size and cost of the tel escope enclosure.
Third, servicing this focus would be inconvenient and expensive. Fourth, the primary mirror for a
Ritchey-Chrétien designishyperbolic, producing imagesat primefocuswith about 1.3 arcsec of spherical
aberration. Asaresult of these disadvantages and our view that the potential advantages are modest,
we will not have a prime focus.

3.3.5 Cassegrain Focus

The second aternate focus is the Cassegrain focus. The Cassegrain focus requires two reflections,
hence additional light loss over the primefocus. With aRitchey-Chrétien focus, it ispossibleto eliminate
coma as a field-angle-dependent aberration. Thus the Cassegrain focus overcomes many of the
disadvantages of the prime focus. However, its location directly behind the primary mirror makes it
physically awkward to accessinstruments. Experience at Keck, where both a Cassegrain and Nasmyth
foci exist, has shown that the Cassegrain focus can be troublesome and lead to lengthy instrument
exchangetimes. Thus, athough it has certain virtues, we reject the Cassegrain in order to smplify the
design, construction and operations of CELT. We think the Nasmyth will adequately replaceit.

3.4 Optical Specifications
3.4.1 CollectingArea

Theprimary mirror will havethe collecting areaof a30-m telescope. Sincethe primary will be composed
of hexagonal segments, thearray will not be perfectly circular. However, its collecting areawill be 707
m? with minimal blockages, amounting to no more than 10%, with agoal of 5%. Diffraction-limited
performance should be as good asa 30-m diameter telescope. 1n addition, dueto its segmented primary,
diffraction effects from the segment edges will have an adverse influence on the final PSF. These
effects should be minimized.

3.4.2 Seeing-Limited (Adaptive Optics Off)

CELT will be used both with and without adaptive optics. Inthe seeing-limited regime, the atmosphere
sets limits on how good the image quality can be. The seeing set by the atmosphere is quite variable,
and is also dependent on the exact site (not yet selected), so setting requirements on image quality isa
probabilistic issue. We have chosen the seeing conditions of Mauna Kea as the basis for our image
quality specification. We want the telescope to rarely limit the image quality. We require that the
telescope optical system deliver to the scientific instruments image diameters that are degraded by no
more than 10% above the 10 percentile best seeing. For Mauna K ea, the average image size (500 nm
wavelength, FWHM image size) is 0.5 arcsec, and the 10 percentile image size is 0.30 arcsec. From
this we set a specification that the telescope (in the absence of the atmosphere) deliver to science
instruments images with 0.137 arcsec FWHM. Assuming the images are atmosphere seeing-limited,
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thisisequivalent to aone-dimensional rmsof 0.059 arcsec or 0.259 arcsec 80% encl osed energy diameter.
The achieved image sizewill generally be wavel ength dependent, but here we are making ageometrical
optics approximation.

3.4.3 Adaptive OpticsOn

We expect that adaptive optics (AO) will be commonly used on CELT, and that the resulting images
will be close to diffraction-limited. In this regime, the metric of rms wavefront error is an excellent
predictor of image quality. A perfect telescope would deliver perfect diffraction-limited images, and
any degradation from thisis commonly measured by the Strehl ratio, S, the peak intensity divided by
the peak intensity for aperfect telescope. For small wavefront errors, S(A) = exp(-(2mo/N?) wherea is
the rms wavefront error (nm) and A is the wavelength of light (nm). At thistime it isimpractical to
build an AO system that effectively removes the wavefront errors introduced by the atmosphere for all
wavelengths. Thus our requirementsfor AO are set by our estimate of what capability in AO might be
achievable in the next decade. This is an arena where better performance will directly benefit our
science. A careful balance between our desires and what we can expect state-of-the-art engineering to
deliver sets the requirements. Our AO-on specification is that the telescope deliver images with a
Strehl of 0.5 at awavelength of 1 um. Thisisequivalent to aresidual wavefront error of 133 nm. Since
the AO performance is very sensitive to the atmospheric conditions, this requirement is set for the
expected median seeing conditions, r, = 0.2 meters at awavelength of 500 nm. Thisis equivalent to
seeing of 0.5 arcsec. To makethisrequirement complete we must al so specify the assumed atmospheric
time constant, here set as an expected median value of T, = 2.7 milliseconds. In practice the adaptive
opticssystemitself will correct or reduce many sources of tel escope wavefront error, so thisrequirement
must be imposed on the telescope AO system, not just on one of these components.

Sincethe achieved Strehl ratio will depend on wavelength, the performance for science will depend on
wavelength in a critical way. Figure 3-1 shows the Strehl ratio as a function of wavelength. Many
science programs can be effectively carried out with Strehl ratios of 0.2 or more, so one can expect the
AO system to be used for observing programs with A as short as 650 nm depending on the actual
atmospheric conditions and the nature of the science program.

Achieving excellent Strehl ratiosisimportant over theentire sky. Thuswerequirethat thisbe achievable
over most of the sky. At this time this requirement implies the need for artificial beacons, as the
number of sufficiently bright natural starsisinsufficient. We anticipate that thiswill be achieved with
sodium beacons.

Alarge FOV isaso desirable. Werequire that the AO system and telescope deliver the required Strehl
ratio images over a 2-arcmin FOV at 2 um. Since the FOV will vary as A%5 the well corrected FOV
varies with wavelength, but we will still get alarge FOV at 1 um of 52 arcsec.

In order to allow for future upgrades, we also require that the tel escope be designed so as not to preclude
Strehl-ratio > 0.5 at 0.5 pm with some more powerful AO system.
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Figure 3-1. Strehl-ratio vs. wavelength for various assumed rms wavefront errors.

3.4.4 Criteriafor Thermal Infrared

In general both the telescope and the atmosphere will radiate due to their thermal properties, but these
fluxes are not a limitation until the wavelength is longer than about 2 um. Beyond this wavelength,
detailsof thetel escope and instrument design can have apowerful influence on theinstrument sensitivity,
aslimited by the thermal flux. The issues are perhaps most clearly demonstrated with observationsin
the 10 pm atmospheric window. Here the overwhelming background seen by any science instrument
will be from thermal radiation from the atmosphere, the telescope and itsoptics. Theatmosphere at its
most transparent will have an emissivity of about 0.02. Each additional optical surface will have an
emissivity of at least 0.01 depending on the cleanliness of the surface. Thus any addition of warm
optical surfaceswill noticeably reduce the sensitivity in the best atmospheric windows. Unfortunately,
at other wavelengths the atmosphere is not as transparent, so the atmosphere background flux will be
higher making the optics relatively lessimportant. The primary mirror segment edges and gaps will
also be a source of thermal emission, as will any structural blockagesin front of the primary.

Thus we want several things: maximum mirror reflectivity (emissivity = 1 - reflectivity), minimal
reduction of the primary mirror area by segment edges and gaps, minimal number of warm mirrors
before the science instrument, and minimal blockage of the primary by the structure needed to support
the secondary mirror. In practice, re-imaging the blockage onto a cold blockage inside the science
instrument can largely eliminate the effect of geometrically simple blockages. Thus we want any
unavoidable blockage to be as geometrically smple asis practical.



The present design hasthree mirrors needed before the instrument focus, and with AO this number may
be significantly larger, depending on the AO design and location.

We also set arequirement that the segment edge/gap blockage be under 1%. We set as a goal that for
well-designed instruments the system emissivity at 10 um should be no more than 4%.

3.45 Wavelength Coverage

The atmosphere is transparent from about 300 nm to 28 um. Ozone blocks radiation below 300 nm
making the atmosphere opaque. From 10 um to 28 um water vapor playsan increasingly strong rolein
creating absorption features. Beyond 28 um water vapor makes the atmosphere completely opague
except from extreme altitude sites or airplanes. Figures 2-3, 2-4, and 2-5 show the transmission of the
atmosphere. Over this range of wavelengths where the atmosphere is transparent, we require that the
telescope optics have high reflectivity, hence high throughput and low emissivity.

3.4.6 Pointing and Tracking

The telescope must accurately and quickly point to and track the scientific targets. Some programs
require observing many objects per night, so speed of acquisition can be important. We have set
requirements for offsetting, tracking and pointing that will make CELT an effective telescope, while
not introducing prohibitive requirements.

Pointing within 1 arcsec rmsover all sky
Tracking (open-loop) 0.02 arcsec rmsin 10 seconds
0.1 arcsec rmsin 10 minutes
0.5 arcsecrmsin 1 hour
Guiding (closed-loop, AO off) within 0.02 arcsec rms over 10 minutes
within 0.05 arcsec rmsover 1 hour
focus within 0.02 arcsec

Slewing 360° azimuth, 65° elevation in 5 minutes
1 arcsec on sky ls
10 arcsec on sky 3s
100 arcsec on sky 10s
1000 arcsec on sky 30s
slewing goals are 50% of above values
Sky coverage unvignetted above 25°, >75% of az range

< 2° zenith blind spot diameter
Observing range
Azimuth 100.5° +220.5°
Elevation 25°-89°

3.5 Environmental

35.1 Solar

During the day routine scientific observing is not expected. During this time, the enclosure should
shield the telescope environment against direct sunlight and insulate this environment against temperature
increases.



3.5.2 Thermal

The observatory should operate within specifications over atemperature range corresponding to 90%
of thetime (as an example, for MaunaKeathisis2° = 4°). Normal operations should be possible over
the temperature range corresponding to 99% of the time (for MaunaKeathisis 2° + 16°). No damage
should occur to any part of the observatory over arange 0° = 35°.

3.5.3 Wind, Precipitation, and Dust

Although our siteis not yet known, we pick the operational wind conditions based on MaunaKea. For
Mauna Kea, median wind speed is about 7m/s, and the wind is less than 12 m/s 90% of the time. We
expect the telescope to meet its specificationsin 90 percentile winds.

Theobservatory will experiencearange of weather conditions. With the enclosure closed, the observatory
should survive 100-year stormsthat will probably have windsup to 70 m/s. Snow and freezing rain are
also expected and should not damage the observatory. Ice loads up to 0.1 m should not damage the
observatory. During high winds, dust is aso expected. Under these conditions, the enclosure will be
closed and sufficiently well sealed that dust penetration will not be a concern. Operations should be
achieved at up to 98% relative humidity. Condensation on optical and other sensitive surfaces must be
avoided.

354 Seismic

The observatory should adhere to all applicable codes and survivelOO-year earthquakes without
significant damage. The observatory will likely be built in aseismically active zone.

3.6 Operational
3.6.1 Telescope Enclosure

We require that the enclosure motion can keep up with the telescope motion so the enclosure never
interferes with observing. The enclosure rotation range should be unlimited.

Achieving excellent image quality also requires good control over the local thermal environment. The
enclosure should be designed to provide excellent thermal protection and control of the tel escope during
the day, holding the telescope at the expected nighttime temperature, and not inject any significant heat
into the enclosure air at night.

3.6.2 Telescope Servicing

The observatory will be provided with all required equipment for major and routine servicing of the
telescope. The construction firm shall provide equipment needed for the erection of the telescope.

3.6.3 Instrument Handling

The observatory will have suitable handling equipment and work space to carry out routine servicing
of theinstrumentsaswell asinstallation and removal tasks. Clean laboratory space suitablefor upgrades
and repairs to the instruments will be provided.



3.6.4 Segment Storage

The segmented primary will be made of 1080 segments. Since each segment type occurs 6 times, we
plan to make spares for each type, for a total of 180 spare segments that must be stored in the local
support facility. Other mirror exchange and handling apparatus must also be supplied.

3.6.5 Mirror Covers

Although many smaller tel escopes have mirror coversto protect the primary against accidental damage
and dirt, the cost and complexity of a mirror cover for CELT is prohibitive and will not be required.
Since the secondary mirror points down, it is much less subject to damage or dust deposition and will
not require any protection. Thetertiary mirror will be uplooking, and thus dust protection is desirable
and practical. We plan to have arapidly deployable and retractable mirror cover for the tertiary.

3.6.6 Mirror Coatings and Reflectivity

The highest practical mirror reflectivity is of great importance, both in order to maximize the light
delivered to science instruments and to minimize the system thermal emission. The challenge of
providing extremely reflective mirrors is compounded by the desire to operate the telescope over the
wide wavelength range from 300 nm to 28 um. Itisour goal that the mirrors have areflectivity ashigh
as the better of aluminum and silver over the operating wavelength range. In addition, this coating
should bedurable, soit can beregularly cleaned without degradation and withstand normal environmental

abusefor at least 10 years.
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Aluminum is reflective over this range, but particularly in the 300-1000 nm range the reflectivity is
only about 90%. Silver is better longwards of 360 nm, but it is rapidly corroded, and it has very low
reflectivity shortwards of 360 nm. Protected silver ismore durable, but itsreflectivity isnot improved.
Figure 3-2 shows the reflectivity of interesting metals over the relevant wavel ength range.

Durability is particularly important for CELT. With 1080 primary mirror segments, the effort and
telescope time loss due to removing all of these segments every two yearsisformidable. The payoff of
using durable coatings with lifetimesin excess of 10 yearsis great.

We plan to support research efforts to develop an affordable and durable coating with extremely high
reflectivity. One promising development is a high reflectivity and durable coating developed by
researchersat LLNL (Thomas and Wolfel1998). This satisfies many of our requirements, but it absorbs
strongly at 10 um, where the atmosphere is unusually transparent. Eliminating this disadvantage will
take some research effort.

3.6.7 Other Support Requirements

The facilities should provide for observing at the telescope, at abase facility, and from California. All
appropriate equipment should be available for servicing of the telescope and its optics, instruments, the
enclosure, other buildings and vehicles, and for the safety and comfort of personnel.

Suitable facilities for computers, networking, and backup hardware should also be provided. Support
softwarefor system administration, networking, and observatory operations should be provided. Related
software and hardware for communications and remote observing should be provided.

3.6.8 Overall Reliability

It is particularly important that the entire facility be designed and built in a fashion that maximizes
overall reliability and minimizes maintenance. Thisisimportant both to maximize the time available
for scientific observing and to minimize operational costs. Wewant at |east 90% of nightsavailablefor
scientific observing. We have as a goal that the operations cost will be no more than 5% of the
construction costs.

REFERENCES
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41 Introduction

Asoptimal telescope specifications, the astronomer typically wantsthe largest possible collecting area,
the highest possible angular resolution, the smallest possible backgrounds, and the largest possible
observing field of view (FOV). Attempting to meet these goalsis an art of compromise, based on the
technical feasibility and costs of various options. Considering both technical feasibility and cost we
have el ected to propose a 30-meter diameter telescope. Thiswill provide ninetimesthelight-gathering
power of theworld’slargest tel escope, the Keck telescope. We have selected afilled apertureto achieve
thisincrease in collecting area, a three-times increase in potential angular resolution, and a compact
overall configuration.

A relatively large FOV is aso desirable, one sufficient in size to encompass large clusters of distant
galaxies, for example. For sufficiently scarce objectsthe ability to observe morethan one at atime can
requirearbitrarily large FOV's, but for most classes of objects, FOV s of afew arcminutes are sufficient.
Since we seek superb image quality, the optical design must provide low wavefront errors over this
FOV. Although adaptive optics (AO) can provide diffraction-limited images, avariety of technical and
instrumental limitations suggest that beyond a few arcminutes, a diffraction-limited FOV will not be
practical. Thus the optical design should allow for this and need only deliver seeing-limited images
over aFOV larger than this.

Itisinevitablethat the scientific instrumentsfor seeing-limited images grow in size along with increased
telescope size. Seeing-limited imageswill necessitate extremely large scientific instruments, therefore
wemust providesuitably large areasfor scientific instruments. Thismakes Cassegrainfoci lessattractive,
and encourage Nasmyth platforms that are outside of (rather than behind) the primary. Diffraction-
limited images (with AO), on the other hand, do not grow with increasing telescope size, so thereisthe
potential that instruments served by AO will be relatively compact.

The focal length of the primary mirror isakey driver for the size (and cost) of the enclosure. Shorter
primary focal lengths are desirable in thisregard. Unfortunately, several aspects of optical fabrication
and support become more difficult with shorter primary focal lengths. In particular, the segment
asphericity, agood metric for the difficulty of polishing, varies asthe inverse cube of the focal length.
Segment alignment tolerances also tighten as the inverse cube of the focal length. Thus the choice of
primary focal length isacompromise between enclosure cost and the costs of fabricating and aligning
the primary mirror segments.

The choiceof final focal length also requiresacompromise. Sinceit setsthefinal plate scale, theinitial
parts of the scientific instruments will be more compact with a shorter final focal length. However, a
shorter final focal length isachieved by shortening the primary focal length and/or using alarger (more
expensive) secondary mirror.

Intheregion of thermal-infrared wavel engths (A > 3 um) and at those wavel engths where the atmosphere
is very transparent, the thermal emission from the telescope and its optical surfaces can become the
dominant background. For observations at those wavelengths we want to minimize the number of
warm optical surfaces and keep those surfaces as clean and reflective as possible.

Finally, the optical system should deliver images that are compact and without large wings in the point
spread function. Thisimposes constraints on the quality of the optical fabrication.
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4.2 CELT Optical Design

A telescope with a parabolic primary can focus starlight with a single reflection from the primary
mirror to the primefocus. It ispossibleto add a secondary hyperbolic mirror near the prime focus and
produce atwo-mirror Cassegrain focus. An additional flat mirror can then be used to divert this focal
location to either a Nasmyth focus or a bent Cassegrain focus. The addition of more mirrors can be
used to improve some optical parameters, but at additional cost, complexity, and loss of light. We will
briefly describe the simplest options and explain why we have chosen amodified Nasmyth focus as our
only focus type for CELT.

4.2.1 Ritchey-Chrétien Concept

By choosing an appropriate hyperbolic primary and secondary, the coma seen at the Cassegrain focus
can be eliminated, at the expense of adding spherical aberration to the prime focus. The Ritchey-
Chrétien design has primary and secondary hyperboloids that produce an excellent focus with only
astigmatism as a low order aberration. This aberration grows quadratically with the field angle and
only becomes objectionable at field angles larger than about 10 arcmin.

We briefly explore arange of optical designsthat might be acceptablefor CELT. Wewant alarge FOV,
up to 20 arcmin, and we want excellent image quality. We also want near diffraction-limited wavefront
quality so as not to preclude the use of adaptive optics. Adaptive optics ultimately needs very small
wavefront errorsto achieve diffraction-limited imaging. Thusit isimportant that the optical design not
introduce any wavefront errors that cannot be readily removed by the AO system. Large secondary
mirrorsare difficult and expensiveto fabricate. A strongly curved telescopefocal surface (short radius
of curvature) and a mechanically large FOV increase the difficulty of making scientific instruments.
The focal length of the primary, the size of the secondary, and the final focal length all influence the
optical performance. In Table 4-1 we vary the primary focal ratio and the final focal ratio. For each
combination we list the FOV with 0.5 arcsec images (100% enclosed energy diameter), the secondary
mirror diameter, the focal surface radius of curvature, and the linear size of a 20-arcmin FOV.

Table 4-1. Possible Optical Design f-ratios

Primary Final FOV Secondary Focal Surf 20 arcmin
f-ratio f-ratio Diameter Radius FOvV
(arcmin) (meters) (meters) (meters)

1.75 175 22.39 3.85 6.46 3.05

1.75 15 22.29 4.38 7.45 2.62

1.75 12.5 22.16 5.10 8.81 2.18

1.75 10 21.97 6.12 10.77 1.75

1.5 175 21.21 3.47 5.00 3.05

15 15 21.13 3.96 5.78 2.62

15 12.5 21.03 4.62 6.85 2.18

1.5 10 20.87 5.56 8.42 1.75

1.25 175 19.95 3.08 371 3.05

1.25 15 19.89 3.52 4.30 2.62

1.25 12.5 19.80 412 511 2.18

1.25 10 19.67 4.98 6.30 1.75

1.0 175 18.58 2.67 2.59 3.05

1.0 15 18.53 3.06 3.01 2.62

1.0 12.5 18.47 3.60 3.59 2.18

10 10 18.37 4.38 4.45 175




From Table 4-1 welearn several things. First, the FOV with good imagesisonly slightly dependent on
theoptical parametersselected. Second, shorter primary focal lengthslead to smaller secondary mirrors.
Third, the curvature of the focal surface can be large. A slower fina f-ratio and faster primary f-ratio
make thefocal surface curvature greater. Large curvatures will make instrumentsthat use thefull field
more difficult to design and build. The specific instruments discussed for CELT in Chapter 10 do not
appear to be particularly sensitive to focal surface curvature.

We selected a reference design on the basis of the length of telescope, the difficulty of fabricating the
primary, and the numbersin thistable. The reference design has a primary f-ratio of 1.5 and afinal f-
ratio of 15. The major parameters that flow from this design are listed in Table 4-2.

Table 4-2. Reference optical design assuming an f/1.5 primary and f/15 RC design

Parameter Value
Primary mirror diameter 30m
Primary mirror focal length 45m

Final focal ratio 15

Final focal length 450 m

Back focal distance (behind primary) 16.5m
Conic constant of primary -1.002837
Conic constant of secondary -1.525154
Radius of curvature of secondary (convex) -12.42424 m
Primary-secondary distance 39.40909 m
Secondary mirror diameter for 20 arcmin FOV 3.95655 m
Secondary mirror diameter for O arcmin FOV 3.72727 m
Final plate scale 2.18 mm/arcsec
Size of 20 arcmin FOV 2.618 m
Radius of curvature of focal surface 578 m
Tertiary mirror distance in front of primary 35m
Diameter of asingle star’s footprint 1.333m
Minor diameter of tertiary 3.097m
Major diameter of tertiary 4380 m

It is important to note that these parameters have been specified for a 30-m circular primary. The
segmented nature of the primary will cause it to be non-circular. This leads to ambiguity about the
meaning of some of these parameters. In certain cases, the circumscribing diameter will be more
appropriate asinput than the effective diameter. The current segmentation design has a circumscribing
diameter of 31.0 m. Figure 4-1 shows the selected optical configuration.

The Ritchey-Chrétien design gives perfect on-axisimagesto lowest order. To higher order the pair of
hyperbol oids does not give perfect correction. In Figure 4-2 we plot the wavefront error (WFE) of the
reference Ritchey-Chrétien system asafunction of field angle. For small angles (<1 arcmin) the WFE
issufficiently small to not adversely affect the AO system. For large anglesthe WFE growsin agreement
with the predicted astigmatism.
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Figure 4-1. Optical layout of CELT showing the primary, secondary and tertiary, and the Nasmyth focus.
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Figure 4-2. RMS wavefront error (um) vs. field angle for the Ritchey-Chrétien design. For small angles the
error issmall, and for large angles the error is that expected from geometric optics.

We also show in Figure 4-3 spot diagrams of the image size for various field angles

4.2.2 PrimeFocus

Using the prime focus significantly lengthens the telescope, increases the dome size, and complicates
the support facilities for accessing the instruments there. At this stage of the CELT design, we expect
that our scientific needs can be met at the Nasmyth focus; hence we currently do not plan to have a
prime focus capability.

With a parabolic primary, perfect images will be made on-axis at the prime focus. However, off-axis
images suffer from comathat grows linearly with field angle. This severely limits the useful FOV at
prime focus. The comatic image size reaches 1 arcsec at 12 arcsec off axis.

For a Ritchey-Chrétien optical design (see previous section) the primary mirror is hyperbolic, so in
additiontofield coma, primefocusimages suffer spherical aberration. For anf/1.5 primary this produces
1.3 arcsec of spherical aberration everywhere in the field. Thisis not acceptable. However, because
the primary mirror is segmented, it is possible to reduce this by adjusting the overall primary shape by
applying suitable pistons and tilts to the individual segments. These adjustments are well within the
expected range of the segment actuators, and they reduce the image size to roughly 0.3 arcsec. The
outermost segments have residual focus and astigmatism of about 50 nm surface in each Zernike
coefficient. These uncorrectable surface errors dominate the geometric image size
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Figure 4-3. Spot diagrams for the Ritchey-Chrétien focus for field angles of 0, 10, 30, and 60 arcsec and 1, 3,
and 10 arcmin.

4.2.3 Cassegrain Focus

The Cassegrain focusis created using a primary and secondary mirror. Thisfocusistypically located
behind the primary. The advantages of this focus are that it only has two reflections and that the
geometry is symmetric, thus minimizing polarization. However, thisfocus aso has disadvantages. It
complicatesthe design of themirror cell. The space behind the primary mirror isrestricted in size, thus
limiting the size of potential scientific instruments. This also adds to the complexity of servicing
instruments sincethey arein arestricted space. Theinstruments must be designed to tolerate achanging
gravitational load asthetelescope movesfrom zenith to horizon. At the Keck Observatory theinstruments
at the Cassegrain focus must be rolled out of position for servicing or replacement. At the Gemini
Observatory multipleinstruments are simultaneously available at the Cassegrain focus, but their sizeis
even more restricted. Given these disadvantages, we have rejected the Cassegrain focus for CELT.

4.2.4 Nasmyth Focusand Platforms

A third flat mirror can be added to reflect the Cassegrain focus to another location, typically apoint on
the elevation axis. Thislocation is called the Nasmyth focus. At thislocation, it is often practical to
add a large platform to hold scientific instruments. When the focus is on the elevation axis of the
telescope, thefocusis stationary asthetel escopetracksastar. However, with altitude-azimuth telescope
motion the field rotates, asit does at Cassegrain.

Two advantages of the Nasmyth focus are that there is usually ample space available for scientific
instruments, and the image on the elevation axis does not move as the telescope tracks a star. In
addition, the gravity orientation on the Nasmyth platform is fixed. Its major disadvantage is that a
tertiary mirror is needed, and it causes additional light loss and increased polarization effects. Because
of thelight loss, it is particularly important that CELT have very high reflectivity optics.
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A key element needed to fully define the optical and mechanical configuration is the location of the
tertiary mirror. Obvious choices include placing the tertiary mirror in front of the primary (asis done
on Keck) or placing it behind the primary mirror (done on some radio telescopes).

Assuming the tertiary mirror lies on the intersection of the optical axis and the elevation axis, placing
thetertiary mirror behind the primary has some optical consequences. The system must provide adequate
space for Nasmyth platforms that can accommodate the desired instruments. As aresult, placing the
tertiary immediately behind the primary requires that the support structure have an opening for the
optical beam to alow the beam to get to the edge of the primary. An alternate is to place the tertiary
well behind the primary, where there might be sufficient room for the Nasmyth platforms.

It isimportant to note that the tertiary mirror location defines the el evation axis of the telescope. Thus
the length of the telescope depends on this location. Solutions with the tertiary mirror behind the
primary will generally requirelarger enclosuresfor thetelescope, adisadvantage. If the primary mirror
focal length is sufficiently short this may not be an issue. We will explore this possibility in the next
design phase.

Placing the tertiary mirror in front of the primary allows for a more compact enclosure, and readily
allows the beam to carry to the edge of the primary where the Nasmyth platforms can be located.
Furthermore, at this position an articul ated tertiary is possible, allowing thetertiary mirror to direct the
light to several instruments on the Nasmyth platform

For this reference design, we assume the tertiary is in front of the primary, for the reasons outlined
above.

Articulated tertiary to move focus

In order to make maximal use of the potential space on the two Nasmyth platforms, we propose to
actively control thetertiary tip and tilt. Thisallowsusto reflect the Cassegrain focus onto awiderange
of locations on the Nasmyth platform. In principle thelocus of foci forms a spherical shell centered on
the tertiary mirror. Except for the focus on the elevation axis, maintaining the focus at a fixed spatial
location will require continuous control over the orientation of the tertiary mirror. Analysis of this
system shows the motion requirements for the tertiary are modest and do not add any unexpected
complications (Kuhlen 2001). Figure 4-4 shows the range of foci available at the Nasmyth platforms
with this configuration. It is also possible to move the focus vertically as well as horizontally, so
vertical layersof instruments at the Nasmyth platform become practical, all with only three reflections.

Motion of secondary to shift focus along optical axis

The focus on the Nasmyth platform can also be moved to some extent along the optical axis. If the
secondary is pistoned by &d, the point of best focus moves by de = dd(1+m?), where the magnification,
m = 10for the reference design. Thustheimage moves 101 timesthe secondary motion. Unfortunately,
the image also acquires spherical aberration as it moves away from the design focus (which has zero
spherical aberration). This aberration can be calculated with the standard ASA formula (Faber 1981,
Schroeder 2000) by noting that both the magnification and back focal distance change with secondary
position changes. For the CELT reference design, spherical aberration grows at arate of 0.425 arcsec/
m away from best focus.
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Figure4-4. The Nasmyth platformsare shown along with the primary mirror. Alsoindicated asadashed curved
lineis the range of focus locations possible with an articulated tertiary mirror.

Adjustment of primary segmentsto shift focus along optical axis

The dominant image aberration caused by moving the secondary is spherical aberration, which occurs
over the entire FOV. However, the primary mirror for CELT is segmented and actively controlled.
Suitable piston and tilt of the individual segments can adjust its overall shape. By tilting the segments
to superpose their geometric images, one can reduce “ spherical aberration” to the amount in the most-
affected segment. By calculating the rate of change of slope errors across a segment and picking the
outermost segment, one can determine the residual image diameter to be 3V3(a/R) ASA, where aisthe
segment radius and R is the primary mirror radius. For the reference design this reduces the image
diameter to about 17% of ASA, or 0.074 arcsec/m. A focal shift of 3 m gives a 0.22 arcsec-diameter
image.

Chopping and nodding of secondary

For various reasons, excellent sky subtraction in the infrared often benefits from image chopping or
nodding. In other words, moving the star field back and forth small amounts on the detector is useful
to accurately subtract the sky or other uniform backgrounds. Thisistypically done at arelatively high
frequency, in order to eliminate low frequency drifts of detector sensitivity. For CELT we expect that
we will want to move theimages up to 10 arcsec and at frequencies of up to 1Hz. Since the purpose of
the image motion isto aid in background subtraction, it is best if the starlight of interest not move on
theoptics. Thus, tilting the primary isthe best approach. Thisisrather difficult, so the next best option
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isto tilt the secondary. Chapter 6 discusses the requirements this imposes on the secondary. A third
option of tilting the tertiary may also be considered, athough this produces the greatest change of
optical footprint on the secondary and primary, hence is most subject to non-common-path errors.

4.3 Diffraction
4.3.1 Circular Primary

The image quality of the telescope islimited by the atmosphere, the quality of the optical figuring, the
optical design, and most fundamentally, by diffraction. For acircular aperture the angular size of the
diffraction-limited imageisgiven approximately by A/D where A isthewavelength and D isthe diameter
of the mirror. Thus the image size is limited to be no smaller than this. The simplest aperture is a
circular one and the diffraction-limited image from this is called the Airy pattern, an axisymmetric
pattern shown in Figure 4-5 for a 30-m diameter and awavelength of 1 um. Thefigure aso showsthe
diffraction pattern of a1 m circular mirror, approximating the diffraction pattern of a single segment.
Changing the details of the aperture shape or blockage of the aperture influencesthe diffraction pattern,
usually for the worse, causing the image to become less centrally concentrated. This spreading of the
image reduces the point source sensitivity and al so reduces the capacity for detecting faint objects near
bright ones.

4.3.2 Perfect Segmented Primary

We next consider the consequences of segmenting the primary mirror. We assume the segment surfaces
and segment alignment are perfect and that there are no gaps between segments.

Using amosaic of hexagonal segmentsfor the primary causes the perimeter to be non-circular. Figure
4-6 shows the PSF for a perfect primary composed of 1080 hexagonal segments (see Figure5-1). This
primary hasacentral holeand aserrated edge. Theimage hereisnot axisymmetric, but cutsin the PSF
along the x and y axes show the essential range of distribution. By comparing Figures4-5 and 4-6 one
can seethat the effect of segmentation issmall in the center of theimage, and makes modest changes at
larger angles

4.3.3 Effect of Including Segment Gaps

An additional complication occurs when the segments have gaps between them. Thisis essential for
both optical fabrication (safety bevels on edges) and for assembly. Asdetailed in Chapter 5, we expect
our segments to have 1 mm bevels and a2 mm air gap between adjacent segments. These 4 mm non-
optical regionswill cause aloss of light, from 701.5 m? to about 695.0 m?, or about 0.9%. In addition
diffraction will redirect the same amount of light into angular scales of A/w, where w is the loss width
of 4 mm, or roughly 50 arcsec. The angular pattern produced by the individual segments will also be
amplified as there are more edges. This can be seen as a series of peaks at the intensity level of about
1x105. The repetition period is caused by interference between sets of edges, with a spacing of V3a/2.
The diffraction pattern including gaps is shown in Figure 4-7. Comparing with Figure 4-6 we see that
in the image core there is very little difference, but on large angular scales, the wings are significantly
brighter than without gaps. Both the angular scale and the brightness of these wings are directly
dependent on the gap size and gap series spacing.
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Figure4-5. Theintensity asafunction of anglefor a30 m circular apertureis shown. The assumed wavelength
is1pm. Also shown isthe wider diffraction pattern for a 1 m aperture, indicative of a segment.

4.3.4 Effect of Secondary Support Structure

There will be structural elements supporting the secondary mirror that will block part of the primary.
Thereference structure is described in Chapter 7, and the expected blockage is about 19.9 m? or 2.8%.
Light will belost at thislevel and an equal amount diffracted into angular scales defined by the sizes of
the obstructions. Figure 4-8 showsthe PSF due to these assumed obstructions. For the calculationswe
assumed three radial members at 120° clocking anglesthat are 0.40 m wide, and six almost radial arms
that are 0.038 m wide. The geometry is shown in Figure 7-5.

435 Overall Effect

In all we expect about 26.4 m? of the primary will be obscured. We expect the degradation of image
quality due to thiswill be virtually invisible except at the very outer wings of the PSF.

In the thermal-infrared, the blockages will appear as black objects, radiating as black bodies at the
ambient temperature. Thisadditional source of thermal background ispotentially important, particularly
at wavelengths where the atmosphereis almost transparent. A cold pupil stop in the science instrument
should eliminate these thermal background sources. However, we assume that due to the complexity
of the pattern of inter-segment gaps this source of background flux will not be masked, hence athermal
background source equivalent to 0.9% emissivity will be unavoidable.
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CELT diffraction 1080 segments
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Figure4-6. The point-spread function for the segmented primary consisting of 1080 perfect segmentsis shown
for awavelength of 1 um. Cutsin the x and y axes are shown, since the pattern is no longer axisymmetric.
Segment gaps have zero width in this calculation.

4.4  Effectsof Misalignment

The optical design providesexcellent image quality. However, misalignment of the primary, secondary
and tertiary cause image motion, image degradation, and pupil motion. The position of each optic is
characterized by six degrees of freedom with potential misalignmentsin the same degrees of freedom.
In this section we address the effects of rigid body misalignments and ignore deformations of the
optics.

4.4.1 Primary Mirror Misalignment

In this section we assume that the primary can be treated as a rigid body and ignore al the relative
misalignments of the segments and any segment shape changes. Segment misalignmentsare discussed
in some detail in Chapter 5.
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CELT diffraction 1080 segments, 4mm gaps
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Figure 4-7. The point-spread function from the1080-segment primary with 4 mm gaps between the segments.
The wavelength is 1 um. Comparison with Figure 4-6 is interesting, showing new peaks caused by the width
and interval between segment gaps. Cutsin the PSF in the x and y axes are shown.

It isimportant to define a coordinate system in which to define misalignment. One might think that the
primary mirror itself is a natural system for this, thus by definition it is not subject to misalignment.
However, since the scientific instruments and the other optics are attached to a telescope structure, not
to the primary, some structural reference is aso logical. Since the structure is likely to deform with
gravity and thermal changes, its coordinate system is not completely well defined. However, we will
discuss the primary misalignment with respect to the elevation axis defined by the yoke. Thisaxisis
likely to befairly stable as a function of elevation angle.

The primary mirror can displace in three directions and rotate in three axes. Displacement aong the
optical axisislikely to be at the level of afew mm, driven by gravity. Comparable motions due to
temperature effects are likely. Motions perpendicular to the optical axis will aso occur, driven by
gravity and temperature. The gravity effect will be of order 10 mm. The consequences of such motion,
given that the other optics (secondary and tertiary) follow aong rigidly, will be seen primarily asimage
motion at the scientific instruments. Another way of visualizing thisisto recognize that thismotion is
identical to the instruments moving relative to the telescope. Thiswill be automatically corrected by
the guiding system. Similarly, rotations of the primary will either be benign (rotations about the optical
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CELT Diffraction: secondary structure blockage
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Figure 4-8. The point-spread function from the 1080-segment primary with no gaps but with the secondary
support structure blockage included. Thewavelengthis 1 um. Comparison with Figure 4-6 isinteresting. Cuts
along the x and y axes are shown.

axis), or again, cause pointing errors that are corrected by the guiding system. The pupil image is
formed about 5 m behind the secondary, and is4 min diameter. The pupil will move the same order of
magnitude as the primary itself, but since this is a small fraction of the size of the pupil, we do not
expect thiswill be a problem.

4.4.2 Secondary Mirror Misalignment

Secondary mirror misalignment also consists of three displacements and three rotations. We define
these to be relative to the coordinate system of the primary mirror.

Translations along the optical axiswill shift the point of best focus, and introduce focus image blur at
the nominal focus. A displacement of 1 mm will induce an image blur of 3.09 arcsec. Trandations
perpendicular to the optical axiswill cause image motion of 4.13 arcsec/mm and misalignment coma
with ATC = 0.383 arcsec/mm (Faber 1981). Thetilt of the secondary will causeimage motion of 0.248
arcsec/arcsec and misalignment comawith ATC = 0.010 arcsec/arcsec. A 1 mm error at the edge of the
4 m secondary produces a tilt of 52 arcsec or tilt induced coma of ATC = 0.52 arcsec. Chapter 11
suggests that ~0.04 arcsec might be allowable here. Clearly the secondary must be actively positioned
to an accuracy of order 0.05 mm. We expect the gravity-driven misalignment of the secondary will be
of order 20 mm.
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Table 4-3. Effect of secondary misalignment

Secondary motion Image motion (arcsec) I mage diameter (arcsec)
1 mm axial 0.0 3.09 (defocus)

1 mm lateral 413 0.383 (coma)

1 arcsectilt 0.248 0.0103 (coma)

We expect that open-loop corrections of the secondary position can be made quite accurately. Inaddition
the guider system will measure low order aberrations, such as coma, and control these misalignments
using closed-loop control of the secondary position. We note here that since both decenter and tilt of
the secondary produce coma, measurements of coma do not determine which combination of motions
is responsible. Structural modeling will guide us here, as well as potentially an additional off-axis
guider. We expect that after open-loop corrections (lookup tables) have been applied, residual corrections
will be small. Thus, although multiple motions might correct the residual error, it should be sufficient
to apply the corrections with the most convenient motion.

In addition, secondary misalignment will produce some effect on the plate scale and field distortion.
We have not yet calculated these.

4.4.3 Tertiary Mirror Misalignment

Since the tertiary is aflat mirror, the three motions in the plane of the mirror cause no optical effects.
Piston normal to the surface will produce both a shift of the focus normal to the optical axisand a shift
along the optical axis. Tilt errorsof thetertiary will also move theimage, tilt thefocal plane, and move
the pupil image. We assume the x-axis is along the elevation axis and the z-axis is along the primary
optical axis. Recall that 1 mm displacement at the edge of the tertiary correspondsto atilt of about 69
arcsec.

Table 4-4. Effect of tertiary misalignment

Tertiary motion Image motion I mage blur Focal planetilt
(arcsec) (arcsec) (arcsec)

Imm normal piston 0.458 0.061 (defocus) 0.0

1 arcsec about y 0.089 0.0 2.0

1 arcsec about z 0.044 0.0 1.0

Because the dominant effect of tertiary misalignment is image motion, the guider will remove small
alignment errors. We do not anticipate that optical-based closed-loop control of the tertiary will be
required.

45 Additional Configurations

In addition to the Ritchey-Chrétien Nasmyth focus, we are also considering a smaller secondary for
adaptive optics. The potential value of such asecondary isthat it might be adaptivein its own surface,
thus greatly simplifying the downstream needs of an adaptive optics system. An adaptive secondary is
probably not appropriate for ahigh order correction system, but might be useful for AO in the thermal -
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IR region, where corrections of a few hundred degrees of freedom would be very useful. Adaptive
secondary mirrors are quite challenging, but at least one 0.64 m in diameter has been made for the
MMT that has 336 actuators. Mirrorsof thistype up to 2 min diameter might be possiblein the future.

4.6 Optical Baffling for f/15 System

It is often useful to baffle optical systems. This is done to prevent stray light that is not reflecting
through the optical system from getting to the focal plane. An example of the source of stray light
includes the moon (or a bright star that is nearly behind the secondary mirror). Its light misses the
secondary and directly illuminatesthefocal plane and thefinal detectors. Thiscan significantly increase
the background flux at the detector and degrade sensitivity.

Thetraditional approach to blocking thissource of “bright sky” isto place abaffle around the secondary
mirror and aconical baffleintheinterior of the primary mirror. These can successfully baffle aCassegrain
instrument from seeing anything except light that is reflected from the primary and secondary mirror
over the design FOV. The penalty is usually a modest amount of vignetting of the optics.

However, when one observesfrom the Nasmyth platform, thefocal plane and the detectors can also see
abright domewall and possibly parts of a bright telescope structure. The Cassegrain baffling solution
would impose severe blockage of the primary mirror.

For CELT we propose that rather than impose large and incompl ete baffles on the tel escope itself, the
scientific instruments should provide their own baffling by providing an internal image of the pupil and
block all light that missesthis pupil image. Thisassumesthat scatter from intermediate optical surfaces
will be sufficiently small.

We notethat if the optical configuration changesto having the elevation axis behind the primary, rather
than in front of the primary, it might be practical to baffle the telescope in the traditional way. Evenin
this case, baffles around the secondary mirror arelikely to significantly increase the wind cross section
of the top end of the telescope, and this could become a problem on windy nights. This configuration
will be studied in the next phase of work.

4.7 Field Curvature

As mentioned earlier, the Ritchey-Chrétien focus gives a curved focal surface, rather than aflat one.
For the reference CELT design the sag of the focal surface for the 20-arcmin FOV is0.15m. Scientific
instruments using this large field must account for this curvature. The radius of curvature isindicated
in Table 4-1 and was calculated using standard formulae such as those in Schroeder (2000). The
curvature changes with various optical parameters. For the range of interest to us, curvature of fieldis
very important to the instrument designer, but is not an insoluble problem.

4.8 Distortion

For two-mirror telescope systems there will also be distortion in the focal surface. This meansthat the
plate scale varies as a function of distance from the center of the field. The error in star position
(relative to the paraxial focus plate scale) grows as the cube of the field angle. The formulae for
determining this can be found in Schroeder (2000), Table 6.9. For the CELT reference design at 10
arcmin off axis, the positional error isonly 0.084 arcsec.
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4.9 Mirror Coatings

CELT will be an expensive telescope, largely because of its great collecting area. Clearly we do not
want to give up photons so expensively gathered. It isimportant to coat the three mirrors with the most
reflective coatings available; in addition, re-coating will be difficult and time consuming. Hence, we
want a coating that can be easily cleaned in place and needs to be re-coated onto the optics very rarely.

Currently at the Keck Observatory, the optics are coated with bare aluminum, and even when fresh the
reflectivity per surfaceis not perfect (see Figure 3-2). With three reflections, no more than 70% of the
visible light hitting the primary getsto the Nasmyth focus. In addition, the mirrors are re-coated every
two years because even with amonthly CO, cleaning their reflectivity degrades with time.

For CELT we hope to use amore durable and reflective coating on all the optics. Studies by Thomas
and Wolfe ( 2000) uncovered coatingsthat roughly provide the best of aluminum and silver reflectivities
and also have extremely durable surfaces that should last at least a decade before they need to be
replaced. Itisour intention and hope that coatings of thisnaturewill be used for CELT. These coatings
have reflectivities for visible light of over 95%, thus allowing more than 85% of the light that hits the
primary to be delivered to the Nasmyth focus.

Itisalso the casethat these highly reflective coatingswill be excellent intheinfrared, with reflectivities
beyond 1 pum of 99% or better (similar to silver).

410 Thermal-IR Performance

Observations beyond about 2 um wavelength typically experience additional background light that is
thermally emitted from the telescope itself, not just from the night sky or from diffuse astronomical
backgrounds. Any sourcesthat the detector can see are potential sources of thisradiation, so all aspects
of the telescope and instrument optics and supports become important. For example, at 0°C, objects
radiate most profusely at awavelength of 10 um, where an important atmospheric window exists.

This meansthat in practice the thermal-infrared observer wants everything in the FOV of the detector
to either be very cold (so it radiates very little) or have extremely low emissivity (so it radiates very
poorly), or both. Figure 4-9 shows the flux of thermal photons from a black body as a function of
wavel ength and the temperature of the black body. This should give some feel for the importance of
thermal backgrounds for long wavelength work.

In practice we must live with the emission from the ambient temperature optics of the telescope. The
primary, secondary and tertiary can have fresh reflectivities at 2 um of about 99% (new silver is99.4%
reflective), so there will be a minimum of 3% net emissivity at ambient temperature. In addition,
optical surfaces will become dusty and degrade with time. This might add another 3% total emission.
Finally the primary mirror segment edges will add another 0.9% of amost diffuse background.

The blockage of the primary by the support structure isover 3%, but it isvery discrete and acold pupil
mask in the scientific instrument should readily block its thermal radiation

We expect that with an excellent mirror coating and reasonable care in keeping the mirrors clean, the
system emissivity (at ambient temperature) will be between 4 and 7%.
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Figure 4-9. The flux from black bodiesis shown as afunction of wavelength for severa different temperature
black bodies. This highlights the importance of background temperature in producing background thermal
emission.
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Chapter 5. Primary Mirror
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5.1 Conceptual Design

The optical design of the primary mirror is described in Chapter 4. The primary will be a mosaic of
individual hexagonal segments. An active control system uses sensors to periodically measure the
relative piston/tip/tilt degrees of freedom of all segments, processthe measurements, and send commands
to three actuators per segment in order to stabilize these degrees of freedom in the face of gravitational
and thermal perturbations. The active control system stabilizesthe readingsto aset of desired readings.
The values of the desired readings are determined by a separate system called the Tel escope Wavefront
Sensor (Section 5.6). In this chapter we describe the segment design, fabrication, passive support,
active control, assembly, alignment, and maintenance.

5.1.1 Segmentation Geometry

The segment size is defined by a segment radius (a) and segment thickness (h). The selection of a
segment radius, and hence the number of segments, depends on a complex tradeoff of many costs. A
larger segment radiusincreases the amount of asphericity required in the surfacefigure (~&), the gravity-
induced deflections on a support (~&/h?), the weight for handling (~ah), and sensitivity to position
errorsinthearray (~&). A smaller segment radiusincreases the number of active control actuators and
sensors, the complexity of acontrol wavefront sensor, and the complexity of the alignment and control
software.

The selection of the segment thickness is also a complex cost issue. A greater thickness will require
larger required forcesfor intentional deformation during fabrication, greater cost of the blank material,
greater thermal inertiain the telescope, and a greater mass for the support structure (the telescope). A
smaller thickness will require more support points to maintain acceptably low deformations due to
gravity. Thesein turnincrease the reliability requirements.

At this early phase of the design we have not yet gathered accurate estimates of these costs and cost
variations. Thiswill be required to make final informed compromises. Based on our experience with
the Keck telescopes and preliminary discussions with possible vendors, we have adopted for now a
reference segment design. Inthefuturethiswill select final valuesfor the segment radius and thickness.
In the meantime we have adopted a segment radius of a= 0.5 m and a segment thickness of h =45 mm.
The resulting array (Figure 5-1) contains 1080 segments. This is the most compact pattern (smallest
circumscribing circle). A central subset of 19 segments is deleted from the array since the secondary
mirror blocks light to them. The array has an area = 702 nm?.

We have the option of changing the positions of some peripheral segments to keep a closely circular
periphery, and at the same time allow for convenient division of the array into subsets (full and partial
clusters of 19 segments) for ease of handling. The cluster layout is shown in Figure 7-1.

Figure 5-1 shows the segment outlines as seen by astar, i. e., projected on theglobal X-Y plane. Inthis
view the outlines are regular hexagons. Since the mirror is curved, the outline of a single segment
viewed along its own normal is stretched in the global radial direction and is therefore a non-regular
six-sided polygonal. For the outermost segments this elongation is 1.38%, and for a regular hexagon
diameter of 1.0 m thisis an increase of 13.8 mm. In the conceptual design phase we have used the
approximation of a regular hexagon. In the next phase of design the elongation will be accurately
included. It will affect many aspects to a small degree, including the required blank size, segment
cutting, segment support, segment control, etc.
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Figure5-1. The primary mirror segmentation showing 1080 segments. The Keck primary mirror is shown to
the same scale for comparison.

5.1.2 Rigid Body Control

A mirror or mirror segment is aflexible body, and its shape, as well asits position, are candidates for
active control.

For Keck we chose to implement the segmented ideain its simplest form, in which the segment position
is subject to active control, but its shape is set in fabrication and its passive support is designed to
maintain this desired shape. Thus, only the six degrees of freedom that are needed to define a rigid
body in space need to be controlled. With thisdecisionthe control systemisgreatly simplified. However,
this does make more stringent demands on the fabrication and support of the segments.

The passive support of the K eck tel escope segments was designed to maintain the surface figure of the
segment, and also to control the three in-plane degrees of freedom. Only the piston/tip/tilt are actively
controlled. Warping harness springs are used to manually change the segment figure; however, this
only happens roughly once ayear.

For CELT we will adopt a similar approach. However, the large number of segments for CELT will
require remote control over the warping harness springs, if warping harnesses are needed. With remote
control comesthe potential for making real-time adjustments of |ow spatial order surface shape changes.
The bandwidth for this control, however, can be much less than that of the active control system, since
the surface deformations are small and induce slowly changing image effects. During the preliminary
design phase the need for and efficacy of such a system will be studied.
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For now we assume the same approach as used for the K eck telescope; the segmentsare treated asrigid
elements with only six degrees of freedom to be controlled.

5.1.3 Active and Passive Degrees of Freedom

Asarigid body, each segment has six degrees of freedom. We characterize these as piston, tip and tilt
(rotations about two axes in the segment plane), rotation about the normal to the segment, and radial
and azimuthal motion of the segment center in the surface of the primary mirror. For the relatively
slow focal ratio of CELT, only the first three motions (piston, tip, and tilt) require active control. The
remaining three motions are assumed to be passively constrained by therigidity of the support structure.
Of the three “passive” motions, azimuthal motion has no optical effect.

The piston, tip, and tilt degrees of freedom are actively controlled with three actuators behind each
segment. Each actuator iscoupled to the mirror viaawhiffletree (see Section 5.2.1). Thethreeactuators
are parallel to the segment surface normal at the center of the segment.

The tolerances on the other two degrees of freedom, rotation about the segment normal and radial
translation of the segment center in the array, will require care to achieve. If installation errors or
gravity- or temperature-induced changes in these two degrees of freedom are objectionable, we may
require remote control of them (or of the surface errors, focus, and astigmatism induced by them). If
thisisthe case, then the bandwidth for this control will be much smaller than that required by the active
control system. The necessity and cost of remote control will be addressed in the preliminary design
phase.

5.1.4 Active Control System

The active control system contains three mgjor components: 1) a system of sensors to measure the
relative positions of the segments, 2) a computer and globa control algorithm that uses the sensor
information to calculate the desired piston, tip, and tilt changes in the segments and to send motion
commands, and 3) asystem of actuatorsthat re-position the segmentsin response to perturbations. We
expect slower perturbations of the segments to occur from thermal changes and gravitational 1oading
changes of the support structure. We expect faster perturbations to occur from wind forces on the
segment. We emphasize again that the “active control system” isastabilization system, stabilizing the
sensor readings at externally determined values.

5.2 Segment Passive Support

Substantial progresswas achieved on the segment passive support by consulting engineer Steve Gunnels
(2001). Gunnelsused finite element modeling to establish force and moment distributionsthat provide
adequate segment support designsfor both axial and lateral gravity loads. He also designed the hardware
required to apply these loads. The Keck design required holes to be bored into the midplane of the
glass segments, which wasacomplication. Both of Gunnels's current designs are accomplished without
requiring holesin the segments. We list below the assumptions and requirements used for this design.
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Table 5-1. Conceptual segment design and support requirements
Reference Segment Design
Regular hexagon sidelength= a=05 m
Thickness=h= 45mm
Density = 2.53 x 10° kg /m?®
Radius of curvature of front and back surfaces=90m
Material: Zerodur
Elastic modulus = E = 91 GPa
Poissonratio=v =0.24
CTE=1x10%°C
Reference Support Requirements
Tolerance on surface deformations = 6 nm rms
Gravity: zenith angle range: -9.5 to 74.5 degrees
Range of control motion = 2 mm independently for each actuator
Temperature range: operations=2+ 8 °C
Temperature range: survival = —20to+40°C
Humidity Range = 0 to 100% condensing
Support envelope = hexagonal by <30cm
(i.e., entirely behind the segment, within 30 cm)
Weight < 20% of 74 kg =< 15 kg
Stiffness=> 60 Hz
Lifetime = infinite
Maintenance = zero
Attachment to actuators = ssimple and rapid
Cost < $2k
Vacuum compatible - yes
Allows simple and rapid segment removal

By decomposing the gravity load into components we divided the problem into separate axial support
and lateral support problems. The Keck segments are supported by two separate subsystems that
handle these separate force components. Gunnels similarly designed two subsystems for CELT. He
also studied an integrated system, where asingle support design addresses both components of gravity.

Several versions of the integrated design were studied, and all gave large (~ 1- 2 um peak-to-valley)
deflections. A separated-subsystem design yields peak-to-valley deformations of order 20 nm.

The goal of Gunnels's study wasto develop a passive, robust, and economical support system that acts
solely from the back surface using the axial support points. The goal wasto limit the surface distortion
of the baseline segment to about 5 nm root-mean-square (rms) due to rotating in the gravity field for
zenith angles from O to 65 degrees.

In pursuit of this goal, about 50 finite-element models were created and used to calculate surface
distortion under various support arrangements and load conditions. The models ranged in size up to
14,000 degrees of freedom with asmany as 10 load cases each. Inaddition, numeroustwo-dimensional
CAD layouts were made of potential mechanical designs. Gunnels wrote many brief intermediate
reports describing the detailed status of these studies. A final report summarizes the studies and the
final designs (Gunnels 2001).

5-5



5.2.1 Axial Support

Scaling from the Keck segment axial support, Gunnels assumed that an 18-point support would be
adequate. A regular hexagonal segment has 12-fold symmetry (aright triangular region can be folded
around the segment normal 12 times). Therefore, for an 18-point support there arel.5 supportsfor each
of the 12 triangular regions. If welabel the radial sides of thetriangle A (long side) and B (short side),
then we can define four topologiesfor the axial support: full support near the center of thetriangle plus
half support edge A, full support center plus half support edge B, two half supports edge A plus half
support edge B, one half support edgeA plustwo half supportsedge B. A half support is one shared by
either adjacent triangular region. These topologies are shown in Figure 5-2.

~\
(O

Figure 5-2 The four possible topologies for an 18 point axia support of aregular hexagon are shown. By
symmetry, the hexagon can be divided into 12 equal right triangles, and each triangle must contain 1.5
supports.

All four topologies were analyzed, and the support locations optimized to minimize the peak-to-valley
(p/v) surfacedistortion under 1 g zenith gravity. Thermsfor these surfaceswas subsequently calcul ated.
For the four topologiesthe p/v surface distortion ranged from 21.1 to 29.3 nm. Thermsrangewas’5.06
to 7.11 nm. Thesermsvalueslikely have asmall error, since the rms cal culation does not compensate
for variationsin mesh density in thefinite element models. The two topol ogieswith three half supports
on the edges define mechanical support systems that are not symmetric with respect to the hexagonal
shape of the segment. In addition, one of the symmetric topologies was revised allowing more droop
of one corner (the point in the hexagon). This lowered its rms from 6.8 to 6.14 nm, while the p/v
increased from 29.0 to 38.3 nm. The conclusion of this study was that lowest rms topology (5.06 nm,
two half-points on A) requires an asymmetric whiffletree design, and the next lowest rms topol ogy
(6.14 nm, one half-point on A, one interior point) requires a symmetric whiffletree design, which
Gunnels pursued in detail. In addition, if further reduction is desired, it may be practical to ion figure
into the optical surface part of the expected zenith gravity deflections, thus significantly reducing the
rms surface error averaged over zenith angle.

The conceptual design axial support hardwareis shown in Figures 5-2 and 5-3. As shown, each of the
three actuators supportsawhiffletree that equally distributesthe axial force viaflexuresto two triangular
plates. The force applied to each triangular plate is then distributed to three points on the segment via
therod flexures. The 18 axial support forces are accurately defined, and the system iskinematic. The
total weight of the system is 9.4 kg and a detailed cost analysis gives $695 per segment for hardware
and assembly.
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The true segment shapes will not be regular hexagons, and this needs to be accommodated in the final
design of the axial segment support. For the Keck segments this was addressed by bonding weightsto
the periphery of each segment to approximate the load distribution of a regular hexagon (called the
“superhexagon”). Theaxial support system wasthen designed for thislarger regular hexagon, allowing
the identical support to be used for all segments.

5.2.2 Lateral Support

If the segment is supported at one or more points on the back surface and lateral (horizon) gravity
applied, amoment develops due to the axial eccentricity of the lateral force with respect to the center-
of-gravity location in the central plane of the segment. Early analysis showed that, if the moment were
only compensated by the whiffletrees, the p/v distortion of the segment would be hundreds of nm or
more. In addition, through considerable optimization it was learned that the compensating lateral
(shear) force should be applied over arelatively small area and that the moment compensation is best
applied just outside, or beyond the footprint of the shear force application.

After numerous optimizing computer analyses (the results of which are described in the status reports),
a lateral support geometry was arrived at which yielded very good results. The design uses a
counterwei ght attached to the back of the segment with six silicon bonding pads (Figures 5-3 and 5-5).
Bonding with six padsislocally over-constrained. However, the pad design is sufficiently compliant
to keep surface distortion due to thermal and manufacturing effectsto anegligiblelevel. Finite element
analysis of the design predicts a surface deformation from a 1 g lateral load that has a p/v of 10.5 nm
and rms of 1.5 nm. The design hardware consists of amoment annular counter weight and extension
tube, a moment force ring (that bonds to the segment), lateral force puck, disk flexure (that allows
actuator-driven motion of the segment while carrying the lateral load), disk adapter fitting, and zenith
counterweight. Thetotal lateral support systemweight is 12.2 kg and adetailed cost analysisresultsin
$407 per segment for hardware and assembly. The distortion of the segment due to this support was
calculated to be 10.5 nm p/v, with an rms of 1.8 nm.

The concept design of the axial and lateral supports meets our gravity distortion goals, issimple, andis
cost effective. However, it does not quite meet our weight and enveloperequirements. Further analysis
isrequired of the disk flexure, axial rod flexures, and glued invar attachments to quantify other errors
and determine whether the system is adequately robust.

In addition to creating the design, Gunnels studied the segment deformations due to wind loads. As
expected, the deformations will be quite small compared to rigid body motions on the elastic passive
support system. He completed a detailed cost estimate for designing, building, and mounting the
passive support system on the segments. The total estimated cost per segment is $1100, substantially
less than our goal of $2000/segment. Gunnels studied the fabrication and assembly error sensitivities,
and these were used to establish the error budget values in Chapter 11. He calculated the surface
deformation induced by moments around the pivot axes, and these were used in the warping analysisin
Section 5.3.7. He also calculated the natural deformation frequencies of a segment on three actuators.
The lowest frequency is ~ 350Hz.
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The performances of the axial and lateral support subsystems are now known and are afunction of the
telescope zenith angle. Inprinciple, ion figuring can be used to remove the expected surface deformation
at aparticular zenith angle. We will get the best overall performance if the figuring is optimized for a
typical zenith angle. During the preliminary design phase we will investigate this possibility. Input to
this investigation will include the expected telescope operating zenith angle distribution, the error
budget for AO-off and AO-on (including the AO deformable mirror response to the axial- and lateral-
support-induced aberrations), surface testing errors, ion-figuring errors, and warping harness efficacy.

5.3 Segment Fabrication

Using our assumed reference design for the tel escope optical design and primary mirror segmentation
geometry, we can calculate the surface figure of each segment. We describe these in terms of an
expansion in Zernike polynomials (Nelson, Gabor, Hunt, Lubliner, and Mast 1979). Each coefficient
isafunction of R = off-axis distance of the segment center, k = primary mirror radius of curvature, K
= the conic constant, p = r/a(wherer = segment radial coordinate and a= segment radius), and 6 =the
polar angle on asegment (= 0 along radial line). The segment surface in a coordinate system centered
on the segment with the z-axis normal to the surface is given by

z(p.6)=2C,Z, (p.6). (5-1)
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To lowest order in R/k, the dominant terms are

Z,,= 2p*-1 (focus) C,, = &/(4K) + KafR?/(4k3) + ... (5-2
Z,,= p*cos20 (astigmatism) C,, = K& R¥(4k%) + ... (5-3)
Z,= (3p%*2p)cosd (coma) C,, = K& R/(6K’ + ... (5-9)

For k = 90 m and a = 0.5 m these coefficients are plotted as a function of R in Figure 5-6.
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Figure 5-6. Segment surface Zernike Coefficients (um) versus segment-center radius (m).

C,, variesover therange 694.4 to 675.7 um. The outermost segment deviates most from a sphere; the
coefficients for the outermost segment are given below.

Table 5-2. Zernike coefficients for the segment at the largest radius

30-meter 10-meter (Keck)
a(meters) 0.5 0.9
R (meters) 15.0 4.68
C,, - C,, on axis (um) -18.8 -113
C,, (um) -18.6 -113
C,, (Hm) -0.4 -15

Our reference design for the mechani cal shape of the segments assumesa 2.0 mm gap between segments.
We assumethe sides of the hexagonal prism are parallel to thelocal normal to the primary surface at the
segment center. We also assume the back surface of the segment is a convex spherewith aradius= 91
m for all segments (the average front-side radius). With an assumed bevel of 1 mm, the non-reflecting
gapis4 mm. There are 3102 inter-segment gaps with atotal fractional light-loss area of 0.0088. For
comparison, the Keck segments are separated by 3 mm gaps and have 2 mm bevels; resulting in a
fractional light-loss area = 0.0070.
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5.3.1 Fabrication Process Overview

To date the only large segmented mirrors in use are those in the Keck telescopes and in the Hobby-
Eberly Telescope (HET). The Gran Telescopio Canarias (GTC) isasegmented-mirror tel escope under
construction. The segment fabrication process will be different from that used for Keck; however, at
this writing no segments have been produced. Because of this, and because the HET segments have
spherical surfaces, we use the Keck segment fabrication as abasisfor studying optionsfor CELT. The
Keck segment fabrication processis summarized in Table 5-3. Itek Optical Systems (Lexington, MA)
and Tinsley Laboratories (Richmond, CA) polished the Keck segments. Eastman Kodak (Rochester,
NY) did the ion figuring. The testing method used during or after each process step is indicated in
Table 5-3.

Table 5-3. Segment fabrication process for Keck

Process Flow Testing
Convex Side Polish Spherometer
Stressed Mirror Grind and Polish Profilometer

| Autocollimation Test
Cut Hexagon and Drill Holes for Support

| Autocollimation Test
lon Figure

| Autocollimation Test
Mount on Support and Install in Telescope

| Shack-Hartmann Test
Set Warping Harness (in telescope)

| Shack-Hartmann Test

Keck stressed mirror polishing included the following major steps:

1. Applying shear forces and moments at the edge of the circular blank via 24 levers to elastically

deform the blank in order to induce asurface equal to (polished-sphere minus desired-hyperbol oid).

Thisrequired forces of 0 to 15 kg and moments of 26 to 46 kg-m per lever.

Polishing a sphere into the deformed blank.

3. Releasing the forces and moments; the blank elastically relaxed, and the sphere deformed into the
desired hyperboloid.

N

A warping harnessrefersto a system of 30 leaf springsintegrated with the axial support on the back of
each segment. These are used to achieve the final segment figure based on in-tel escope measurements
using a Shack-Hartmann test and a bright star.

For CELT we propose the modification of this process outlined in Table 5-4. The details are described
in the sections below.
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Table 5-4. Proposed segment fabrication process for CELT

CELT proposed Process Flow Testing
Convex Side Polish Spherometer
Planetary Stressed-Mirror Grind and Polish 2-dimensional contact probe array
| point-diffraction interferometry
Cut Hexagon
| point-diffraction interferometry
lon Figure

| point-diffraction interferometry
Mount on Support and Install in Telescope

| Shack-Hartmann Test
Set Warping Harness (in tel escope)

| Shack-Hartmann Test

5.3.2 Blank Material

Before afinal selection of blank material is made we will study the costs and performance of various
candidates. We are considering Zerodur (Schott Optical Technologies, Mainz, Germany), ULE fused
silica (Corning Corporation, Canton, NY'), aluminum, and composites.

Theissuesthat will be studied in order to makeafinal decisionincludetechnol ogy devel opment required,
internal stress that may cause unpredictable warping from cutting, polishability, support complexity,
mass of support structure, stiffness-to-weight ratio, thermal stability, and material cost.

We have defined an initial set of specificationslisted below, and include for comparison those used for
the Keck telescopes.

Table 5-5. Blank specifications

CELT Keck

circular blank diameter (m) 1.05 19
meniscus uniform thickness (mm) 45 75
meniscus surface radius of curvature 91m 3Bm
stress birefringence mean less than 3 nm/cm 3 nm/cm
coefficient thermal expansion . .

mean (rms) = <+14x10 /°C <+1x10 /°C
coefficient of thermal expansion axial gradient . .

mean (rms) = <+13x10 /°C/m <+1.3x10 /°C/m
segment mass 74 kg 400 kg

For the conceptual design phase studies we have assumed the reference materia to be Zerodur.
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5.3.3 Generating and Grinding

As was done for the Keck segments, we will purchase the blanks with a uniform meniscus shape
generated by the manufacturer. We will use loose abrasive grinding to remove the generating surface
damage and to figure the surface in preparation for polishing. Whether thiswill be done one blank at a
time or with multiple blanks simultaneoudly on aplanetary grinder depends on adetailed cost comparison
to be made in the next design phase.

5.3.4 Planetary Stressed-Mirror Polishing

The current reference design for CELT calls for a primary mirror with the following specifications:
radius of curvature (k) =90 m

conic constant (K) = -1.00284

segment radius (@) =0.5m

off-axisdistance (R) =0to15m

Nelson and Temple-Raston (1982) derived the polar monomial coefficientsthat describe the surface of
an off-axis segment .

Z(p,6) = z,a,m, (p,0) (5-5)
m,= p? o, me = g2/(2k) + KafR%(2k®) + ... (5-6)
m,, = p*cos26 a9 = Kae RY/(4k%) + ... (5-7)
m, = picosBa, == K a R/(2k%) + ... (5-8)
m,= p* a,, o = (1 + K) a/(8k3) + ... (5-9)

wherethenormalized radiusp = r/a. The polar monomial coefficientsarerelated to Zernike polynomial
coefficients (Nelson, et al., 1979) asfollows:

Cpo= 0,/ 240,/ 2+ .. (5-10)
C,=0,,/2+.. (5-11)
C,=0,/2+.. (5-12)
Cp=0,,/2+.. (5-13)

Unlike the polar monomials, the Zernike polynomials have very useful orthogonal properties, and we
use them in much of the remainder of this chapter.

In the stressed mirror polishing process (Lubliner and Nelson 1979; Nelson, et al., 1979) a sphere is
polished into the elastically deformed blank (see Section 5.3.1). If the radius of the sphereisL, then

o Pee = &/(2L) (5-14)

5-13



a, e = a/(8L7) (5-15)

The difference between the sphere and segment gives the desired stressing deformation

0, = &/(2L) - a/(2K) - KaZRA(2kd) + .. (5-16)
a,% = - K& R4k + ... (5-17)
a, %= - Ka&R /(29 +... (5-18)
a, %= a¥(8LY)- (1+K)a(8kd) +... (5-19)

The average value of a,, *9™" over the primary is

o, oot ~ 22/(2K) + KafR __2/(4k®) (5-20)
Setting L to match this average gives

L = [V(k) + KR __(2k% ]* (5-21)

0 a ,%~-K&R-R_22)/(2k)+... (5-22)

20

For the outermost segment of CELT (R = 15 m) the coefficients are

a, > = 18.8 um

a,,¥ = 18.6 um

a,* = 12um

a,* = 0.001 pm (5-23)

An attractive method for introducing these terms is to use a modification of stressed mirror polishing
that was used for Keck (the outermost Keck segment required a,,*9™" = =113 um, a,, *9™" = 44.8 um).
The Keck segments were polished one at atime with astressing fixture below the blank. The stressing
loads were applied using gravity and lead weights. For CELT we plan to polish multiple segments

simultaneously on alarge planetary polisher with a stressing fixture above each blank.

The stressing fixtureintroduces the difference between the desired surface and the sphere being polished.
Tointroducethesmall C,, using the stressing fixture requires auniform pressure on the blank. We limit
the stressed mirror polishing to only forces and moments around the edge. We assume the small C,;
will be created using ion figuring.

With a stressing fixture above and attached to the edges of each blank, the bottom surface of the blank
is polished by the planetary polishing tool. When the stress forces and moments are released, the
polished surface will be close to the asphere required.

For areference design we assumed a 1.05 meter diameter circular blank and calculated the forces and
moments required to deform it.
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Wefirst used analytic cal culationsto cal cul ate the approximate sizes of forcesand momentsrequired to
achieve the required aspheres. We then used a finite-element code to calcul ate more accurate values.

Our analytic estimateisbased on Lubliner and Nelson (1979). Theaxial forcedensity V(6) and moment
density M(6) around the edge of acircular blank required to achieve given valuesof C, and C,, are
given below. For the calculation here we set C, to zero. Itissmall and can be readily included in the
stressed mirror polishing.

M(6) = M, + M, cos(26) V() = V,+V, cos(26) (5-24)
and M, =(D/@)2(1+V)28C, V,=0 (5-25)

M, = (D/2?) (1-Vv) 23C,, V,= M, (2a) (5-26)
where D = ER®/[12(1-v?)] (5-27)

E isthe elastic modulus, v is the Poisson ratio, h isthe blank thickness.
Theunitsare[M] =N, [V] =N/m, [E] = = N/m?, [h] =

For the proposed blanks. E =9.06 x 10 N/m2 v=0. 24 a=0. 525 m, h=0.045 m.
Theequatlonsaboveyleld D =7.31x 10°N- -m, M, = 1.32x 10’ oC,,,

andM,= 4.03x 10° oC,,.

For the outermost segment R=150m,38C, = —9.4um

(assumes aplanetary tool radius ~ C,, ave = 684.9 um) 8C,, = —18.6 um.
Theseimply M ,=124N M,=75N V= 286 N/m.

This analytic estimate assumes the blank is a thin plate. For a more accurate model that includes the
effects of the finite thickness of the blank and shear stresses, we have used afinite-element calculation
using the program ANSY S. Since afinite number of leversare used in practice (24 for Keck), thereare
high spatial frequency local deformations at the edge of the blank where the forces and moments are
applied. Most of these are removed when the circular blank is cut into a hexagon.

Cabak (2001) created detailed finite-element models to calculate from pure quadratic deformations
these high spatial frequency deformationsand theresulting deviations. Thesewill be used to determine
the optimal circular blank radius, the required density of levers, and the details of bonding theleversto
the blank. His work to date models the stressing fixture to induce the dominant aberrations, C,, and
C,,. Hemodeled 25% of the blank and included 12 leversto apply the desired moments and forcesto
the edge of the blank (corresponding to 48 leversfor the full blank). Each lever is bonded to the back
of the segment and has aradia width of 25 mm and azimuthally covers half the circumference. With
the loads required for the outermost CELT segment thisresultsin surface stresses of about 2.8 x 10° Pa
(400 psi), a safe loading for the Zerodur blanks. Cabak’s Model 31 includes 114,700 nodes; 99,972
elements; 341,979 degrees of freedom; and runsin about 1900 seconds. Theglobal surface deformation
closely agrees with the analytic prediction. A best-fitting quadratic surface (C,, and C,,) was then
subtracted in order to see the very small deviations. These are shown in the contour map of Figure 5-
7. Therangeover thefull circular blank radiusis 123 nm. Therange over acircle of radius 0.5 meters
(thecircle enclosing ahexagon with side length = 0.5 meters) is 74 nm. Thermsaverage over aregular
hexagonal areais 7.0 nm.
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Figure 5-7. Finite-element predicted deformation non-quadratic residual surface (units are meters).

Figure 5-8 showsthe axial stress component in the blank. The maximum stressis about 400 psi (2.8 X
10° N/m?), which agrees well with an analytic estimate and is several times smaller than the breaking
tensile strength of Zerodur.

We have aso begun to design an engineering-model stressing fixture. Laiterman (2001) describes a
48-lever design where springs are used to apply two forces between the lever end and afixturering to
induce moments and forces to the blank (Figures 5-9 and 5-10). The spring lengths are adjusted using
a“robot” that is placed and rides on thefixturering. It ismotor-driven from lever to lever and usestwo
load cellsto adjust the spring forces. Since the system is self-equilibrating, multiple iterations around
the levers will be required to achieve a specific force and moment distribution. Figure 5-10 shows a
design for the capturing, unlocking, adjusting, and locking of each spring length. Therobot isremoved
for polishing and testing.
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Figure5-8. Finite-element predicted axial stress distribution (units are Pa).

We have begun to address the practical issues of planetary polishing. Today there exist three large
planetary polishing machinesin the United Stateswith diametersof 3.7, 4.1, and 4.6 m. Inthepreliminary
design phase we will study the applicability, availability, and costs of these polishers for the CELT
segments. Thevery large number of segments may warrant the fabrication of anew polisher specifically
designed for this fabrication program.

5.3.5 Cutting

Thecircular mirrorsfor the Keck segmentswere cut into hexagons using adiamond saw. The option of
using awater knife (a high velocity water stream |oaded with abrasive) was tested and found to give a
cut surface that was too rough. Most of the roughness occurred at the outgoing edge of the cut where
the stream wandered more. Since the CELT segments are thinner (45 mm) than those for Keck (75
mm) and since water knife technology hasimproved, wewill test this option again for both performance
and cost.
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STRESSING SPRINGS

Figure 5-9. Stressing fixture showing the blank and levers bonded to the back at the edge.

5.3.6 lon Figuring

lon figuring played a critical role in refining the figuring of the segments for the Keck telescopes.
Assuming the same areal density of residual material to be removed for the CELT segments implies
removing 30%(2 x10?) = 4.5 times the material removed from both Keck primary mirrors. If the same
ion figuring facility were used, then two years of continuous operation would be required. For an
estimated segment fabrication time of five years thisis not a problem. lon figuring technology and
experience have advanced since the Keck segmentswerefigured, and wewill pursue using these advances
to make the ion-figuring process even more feasible and cost effective. Potential avenues include
improved ion guns, multiple ion guns, oblique (rather than normal) incident beams, more energetic
beams, different element beams, and multiple stations operating in paralel.

5-18



timing belt
! picker
elevator
load cell

lock
actuator picker
elevator a\

actuatQr
spring adjustment
] pin
| [ I screw lock

rotating nut

support
strut

stressing fixture ring
(cross-section shown)

E shear load
spring

mirror deformation

radial load | |
spring ever (only one
shown)
To Mirror

%

Figure 5-10. The mechanism on the robot used to adjust the spring loading of the stressing fixture.

5.3.7 Warping Har nesses

Therearemultiple sourcesof errorsthat might be introduced between the end of the fabrication production
processing and the use of the segments in the telescope. Warping harnessses are used to correct these
errors. The final figure of the Keck primary mirror segments is achieved using a set of thirty leaf
springs on the back of each segment to apply forces through the segment support to deform the surface
small amounts. Each segment surface is measured in the telescope using a bright star and a Shack-
Hartmann camera. These measurements are used to determine the desired reading on a strain gauge
bonded to each leaf spring. The design of the system and its use are described by Panoskaltsis, et al.,
(1987); Zaslawsky, et a., (1989); Mast (1989); and in many Keck Observatory Technical Notes.

Each leaf spring applies a moment about one of the flexural degrees of freedom of the segment axial
support structure. The moments applied to the whiffletrees provide a significant improvement of the
low-order Zernikes. Reduction of thelower order aberrations necessarily introduces some higher spatial
frequency aberrations. A measure of the power of the technique is the ratio of residual rms surface
error divided by the initial rms surface error.
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Adjusting the Keck manual systemisawkward and time-consuming. If warping harnessesare necessary,
aremote-controlled system will be required for CELT. The exact number and range of forces will be
determined by the errors expected from the fabrication, support, and installation of the segments.

We studied the efficacy of an initial design of awarping harness system for the CELT segments (Mast
and Nelson 2001). We assumed a regular hexagonal segment with the reference segment size, side
length = a = 0.5 meters. We assume the segment axial support is a set of three whiffletrees, each
supporting the segment at six points, with atotal of 18 support points.

We assumed the axial support system designed and analyzed by Gunnels (2001). Figure 5-11 shows
schematically the layout and labeling of the support points and pivots.

Figure 5-11. Layout of the support points and pivots used for warping harness analysis.

Included in Gunnels's studieswere three runsto cal cul ate the surface deformationsinduced by a1.0 N-
m moment about a single pivot for pivot numbers 1, 2, and 3. Each yields a surface deformation of &z
heights at 2299 x, y points; upper surface node z-translations (nm) in the model. These nodes
approximately, but not exactly, sample the surface in equal areas. The mean, range, and rms about the
mean of each surface are reflected below in Table 5-6.

Table 5-6. Surface deformationsinduced